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FOREWORD 

This report was prepared by I.  Laskln,  F. K. Orcutt,  and E.  E.  Shipley of 
Mechanical Technology Incorporated,  under Contract DA-44-177-AMC-416(T). 
The contract was carried out under the  technical cognizance of 
Mr. E.  R.  Givens, U.S. Army Aviation Materiel Laboratories,  Fort Eustls, 
Virginia. 

A major contribution to the program was made by D. W.  Dudley, who was at 
MTI when the contract was Initiated.    He provided the general direction 
which  the program followed and also served as consultant In many areas of 
gear technology. 

; 

Consultation In the design and interpretation of the noise and vibration 
measurements was provided by Mr. Edward F. Noonan of Noonan, Knopfle, and 
Feldman. 

This program was carried out with the cooperation and assistance of many 
Individuals and organizations.  Special credit Is due Mr. John Nobles of 
USAAVIABS; Mr. Charles W. Bowen, Jr. of Bell Helicopter Company; 
Dr. Jörgen Lund and Mr. David Hu of MTI, who contributed the torslonal re- 
sponse analysis; and Mr. Paul M. Dean of Mil, who assisted In the Interpre- 
tation of the gear measurements. 
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ABSTRACT 

This study is part of an effort to create a technology for reducing inter- 
nal helicopter noise  at  its source.    The objectives were as follows: 

1. Development of an effective method of computing helicopter gear- 
box noise. 

2. Use of measurements in the helicopter and on Its gearbox compo- 
nents  to provide a basis for and to validate  the computational 
me thod. 

3. Application of  the method for the evaluation of noise-reducing 
design changes. 

Only one helicopter model,   the UH-ID,  was  investigated in detail,  but   the 
approach was made  general enough to apply to all similar helicopters. 

To develop a firm,  empirical basis for the analytical methods,   three  groups 
cf measurements were made:     in-flight noise  and vibration measurements on 
four helicopters,   laboratory vibration measurements on the gearbox casing, 
and precision  Inspection measurements on two sets of gears.     These measure- 
ments identified the major factors  in  the  generation and transmission of 
gearbox noise and at  the  same  time demonstrated  that  some coramonly accepted 
factors were of minor significance.     The most objectionable noise was  shown 
to originate in the meshing action of the  gear  teeth.    When the gears are 
heavily loaded,  high-level noise components  are  produced whose  frequencies 
correspond to the  first  three harmcnics of each  tooth meshing rate.     The 
broad-band noise characteristics of the  gearbox are determined by the   total 
pattern of the magnitudes  and frequencies of  these  components.    The excita- 
tion of the noise  comes  primarily from the variable   tooth deflection of  the 
gears meshing under   load,  with some contribution  from manufactured profile 
errors.    The other gear errors -  tooth spacing and  runout - do not play a 
major role.     The bearings  themselves are not a  significant source  of noise 
production,  but they do  ' ransmlt  ;he gear-induced vibration to  the gearbox 
casing, which serves  as  an  important  "broadcaster" of  this gear noise. 

A computerized calculation procedure was developed  for predicting noise 
levels from design and operating data.     This  procedure was checked by ap- 
plying it  to the UH-ID helicopter operating under cruise conditions,   for 
which it gave calculated noise  levels  in good  agreement with  the   in-flight 
measured noise   levels. 

This analytical procedure makes it possible  to  identify,   for the  first 
time,   the   individual  noise  components which will  dominate  the  noise  spec- 
trum,  and to find out how much each of these  components must be  reduced  in 
order to drop the noise   to an acceptable   level.     With  this procedure,   it   is 
now also possible   to evaluate  quantitatively  the   improvement   to be  obtained 
from any of a broad   range   of design changes  often  proposed  for noise   reduc- 
tion. 

iii 
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The calculations on the UH-1D gearbox revealed that a variety of design 
modifications will be required to reduce all of the high-level noise com- 
ponents,     '.ney also showed that some of the modifications must be carefully 
optimized to avoid increasing one component while reducing another. 

A partial investigation of the gear noise reductions possible with design 
changes points to a potential decrease of 10 db or more along the entire 
frequency spectrum.    The 10-db improvement can be obtained from relatively 
minor changes,   such as tooth profile modifications and system stiffness 
modifications which shift the relations between excitation and resonant 
frequencies.    Only where greater reduction is required will it be necessary 
to introduce major changes, such as more accurate gear manufacture, helical 
gears in place of spur gears in the planetary stages, or gearbox casing re- 
design. 
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INTRODUCTION 

Helicopter cabin noise,   particularly  that  due   to   tht  drive  gearbox,   is 
already well  recognized  as  one  of the   important  problems   in  the   present 
and  future  use  of helicopters.     The  nature  and extent  of  the  problem are 
seen when present  noise   levels  are  compared  to existing  and proposed  noise 
specifications.     Figure   1  gives  such  a comparison   for   the  UH-ID,   in wt ich 
cabin noise   levels  exceed MIL-A-8806 by as much as   (Reference   1)   1^ db. 
The excessively high   levels,   incidentally,   occur only  in   the highei   fre- 
quency octave  bands,   where   the  noise   is  associated  primarily with   the 
gearbox,   in  contrast  with  the   lower  frequency  range,   where  the  noise   is 
associated with  the   rotors   (References   1  and  2). 

Another aspect of  the  helicopter noise  problem  is   the   continuing  increase 
in noise   levels  as  new helicopters  are   introduced  with more  and more  power 
transmitted   through  the   gearbox.    This  trend   is  demonstrated  in Figure   2, 
which compares measured  cabin noise   levels  of  the   UH-1A  in  1961   with  those 
of  the  UH-lD in   1967.     A significant difference   in  the   two aircraft   is  in 
the  cruise horsepower,   which has  increased   from 465  HP   in  the   former  to 
680  HP  in the   latter.     It   is  not unreasonable   to  project   further power   in- 
creases  in the   future   and  to expect  a corresponding  rise   in the  already 
excessive noise   levels.     Thus,   the need  for better methods of  noise   re- 
duction in helicopters  is becoming all  the more  urgent. 

One   approach  to  noise   reduction has  been  the  addition of  sound-absorbing 
materials.    Although  potential  benefits have  been demonstrated,   these  are 
necessarily accompanied by significant weight  penalties.     As was con- 
cluded   (Reference   1),   "Greater efficiency  in noise  control can be 
achieved by reduction  at   the   source,"  and  "Such  achievement  will   require 
research  into several  basic  mechanisms of  aircraft  noise."    Since   the  most 
objectionable  cabin noise  comes   from the   gearbox,   this   is  the  component  of 
the  aircraft  that  should  receive  attention   first. 

The   benefits of  any new method  of  reducing noise   from helicopter gearboxes 
will materialize  only when  they are written   into  a   technical  specification 
and  applied  to new helicopter designs.     This  will   require  an overall  pro- 
gram containing a  sequence  of  stages of engineering  study and   testing. 
Such  a program is  shown  in  the   flow chart   in  Figure   3.      It concentrates 
first  on the  development  of  analytical  tools which  can be  used   to predict 
noise   levels   fron design data.     The   study  covered  by  this  report  has been 
devoted  to accomplishing a  practical  and  usable  major  portion of  this 
first  stage. 

The  objectives of  this  effort  were  as  follows: 

1.     Development  of  an effective method of computing  the noise   pro- 
duced   in  a  helicopter   gearbox,   including: 

a. Identification of  the major  sources  ol   this  noise. 

b. Consideration of  the  influence  of   >'ibr at ionil  resonances   in 
the  overall  drive   system and   in  the   gearbox casing. 
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Figure 1,  Comparison of Measured Noise on 
the UH-1D With Present and 
Proposed Specifications. 
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DEVELOPMENT OF ANALYTICAL TOOLS 

To predict,  noise   levels 
from design data 

l 

EVALUATION OF A WORKING  GEARBOX 

To  find design changes 
for optimum noise  reduction 

EXPERIMENTAL TESTING 

To verify  noise  reduction 
predicted  by  analysis 

PRELIMINARY  DESIGN 

To study  feasibility of 
incorporating noise  reduction  features 

I 
FINAL  DESIGN,   BUILD &  TEST 

OF A WORKING  GEARBOX 

To demonstrate   the   effectiveness 
of  the   new  design   capability 

Figure  3.     Overall Program for a New Method of Reducing Noise 
From Helicopter Gearboxes. 
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c. Evaluation of  the mode of transmission of noise  from the 
gearbox to the  pilot's  location in the  cabin. 

d. Preparation of a computerized noise calculation which starts 
with design data,  operating conditions,   and manufacturing 
imperfections. 

e. Validation of the  calculation method by comparison of cal- 
culated and measured results  for the UH-1D helicopter. 

2.     Recommendation of design modifications which will reduce  the 
amount of noise  generated. 

A 
—_ ________ 
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DESCRIPTION OF PROGRAM 

This study of helicopter gearbox nciae reduction was conducted in three 
tasks.  The individual efforts of each task are sumnarized below, with 
more detailed descriptions and explanations reserved for the Discussion 
of Results and the appropriate Appendixes. 

TASK I - GEAR MEASUREMENT 

For this task, the Government provided two of each of the main drive gears: 
input stage spiral bevel pinion and gear, lower planetary stage sun gear, 
upper planetary sun gear, planet gear common to both planetary stages, and 
combined ring gear for the two planetary stages. Because working-quality 
gears could net be released from Government inventories, these gears were 
selected from rejected production parts but, insofar as possible, of re- 
presentative, acceptable quality in those features which related to the 
measurements planned. 

The types of measurements made were those judged to be most commonly used 
to control gear quality and most likely to relate to noise generation. 
They included measurement of tooth spacing errors and runout on ill gears, 
tooth profile on all spur gears, and composite gear errors on all external 
spur gears. The most precise inspection equipment available was used. 

TASK II ~ ANALYSIS 

In this task, it was necessary to treat three distinct subjects. These 
were the excitation developed by gears and bearings, the dynamic forces 
that resulted, and the noise generated from the vibrating gearbox casing. 

The treatment of the subject of excitation started with a review of recog- 
nized causes of gear and bearing noise. After possible gear and bearing 
excitation frequencies were calculated and related to frequency spectra of 
measured noise, the significant forms of excitation were selected and the 
formal analysis was undertaken.  Since this analysis proved to rest heavily 
on gear tooth deflection, it was necessary first to research thoroughly and 
then to adapt suitable relationships for beam deflections of gear teeth and 
also for Hertian contact deflections.  The gear excitation analysis was 
completed and then programmed for computer solution.  This program was run 
for all the cases of the gears in the UH-ID gearbox, wich a variety of 
loads and profiles.  Besides studying standard profiles, computations were 
made for measured profiles with manufacturing inaccuracies and for some 
specially modified profiles. 

The second portion of the analysis, determination of the dynamic forces re- 
sulting from the excitation, received a more direct analytical treatment. 
This started with the torsional vibration analysis of a multi-branched 
transmission system with provision for damping at its bearings.  The next 
step was the addition of the dynamic analysis of a simple ge^r set with 
displacement excitation at the gear mesh.  Finally, the analysis was ex- 
tended to include the case of a planetary gearing system with displacement 
excitation at each gear mesh.  This last addition had to be made in two 
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distinct  parts,   corresponding  to  two different conditions of  planet excita- 
tion phasing.     This  total  analysis was programmed  for  computer solution, 
including provision for calculating  totsional  inertias  and stiffnesses di- 
rectly  from component dimensions.     The  program was  run  for  the main drive 
system,   from tarbine   to main  rotor,   in  the  UH-1D helicopter.     This required 
reduction of  the design data   from the   transmission design drawings  into  the 
format  required by the  program.     The   specific  applications of  the  program 
were   in calculating the  gear  tootn  forces  resulting  from the  excitation 
under cruise operating conditions.     It was also used   to calculate  the 
extent   to which  force   levels  are   influenced by selected  conditions of 
changing  frequency,   compliance,   and excitation phasing. 

The   final  subject of  the  analysis,   the  conversion of  gear excitation and 
dynamic  forces  into noise   levels,   started with a study of an earlier quasi- 
analytical method for calculating marine gearing noise.     This was revised 
and  adapted  to approximate more  closely  the  conditions  of  the  helicopter 
gearbox.     The new analysis was  reduced   to a manual calculating procedure 
to  give  a calculated noise   level  for each excitation  frequency.    Added  to 
this procedure was a calculation which  simulates  the   function of  the 
frequency spectrum analyzer used  to  analyze measured noise  and vibration 
data.     It   thereby permits   the  combination of  the  noise   levels  at  individ- 
ual   frequencies  into equivalent  third-octave wide-band noise   levels.     This 
feature  permits convenient  comparison of calculated  and measured  results. 
This  completed portion of  the  analysis was  then used  to  calculate  the 
noise   levels   for the  cruise  operating conditions considered   in  the earlier 
computations. 

TASK  III - NOISE AND VIBRATION MEASUREMENT AND ANALYSIS 

A preliminary set of measuretmints was   first made on one  UH-1D helicopter 
at Fort Eustis.    Noise   levels were measured under  three   flight conditions 
and  at  four  locations within  the  aircraft.     During  the   same   test  flight, 
vibration measurements were  also made  at   10  locations  on  the   gearbox 
housing and on the aircraft  structure  close  to mounting points,     ^e 
measurements were  reduced   to overall   levels and  to wide-band  and narrow- 
band  analyses.     These  preliminary measurements were  reviewed   to select  the 
most  significanc  test  conditions  and   locations  for  the   final  set of in- 
flight measurements.     These   preliminary measurements  served  an additional 
purpose.     The   frequencies  of   the  peak values   in  the  analyzed noise mea- 
surements  were  compared  to   the  exciting  frequencies  calculated  for the 
gearbox components,   thereby  serving  to  identify  the major  sources of 
noise   in  the  gearbox. 

The   final  set of measurements was made   inflight on  three UH-ID helicopters 
at  Fort  Rucker.     Two operating conditions were  used,  with  three   locations 
for  the  cabin noise measurements  and   five   locations   for  the  gearbox 
housing vibration measurements.     These were   later reduced  to overall 
levels  and   to wide-  and narrow-band  analyses.     On one  helicopter,  addi- 
tional  vibration measurements  were made  at  16 bulkhead   locations.    The  re- 
sults  of  this  final  series  of measurements were  studied   to obtain infor- 
mation on  the  unirormity of noise  and  vibration among aircraft,   the  rela- 
tionship  between noise   and   gearbox  housing  vibrations,   and   the  mode  of 
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noise  transmitted  from gearbox to pilot's  location In the cabin.     The 
noise measurements at cruise were  used  to make  the comparison with  the 
noise   levels calculated in Task II  for the  same operating condition. 

In addition to  the measurements made  in the helicopter,  gearbox casing res- 
onances were  investigated using an un^owered,  assembled gearbox,  complete 
except  for  the mast and rotor.     Casing resonances were  investigated by 
externally driving the casing with a vibrational force and measuring casing 
motion  through accelerometer pickups.     The  driving force was  appllea   in 
turn at   three   locations,   and measurement was made  at  six  locations. 

/ 
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DISCUSSION OF RESULTS 

INTRODUCTION 

In this program, a great many of the factors which come into play in the 
creation of helicopter gearbox noise and its transmittal to the cabin area 
and the pilot have been studied, or a^; least touched upon.  The factors 
and their relationships are pictured in flow chart form in Figure 4.  The 
first factor is the ejxitation inside the gearbox which sets up torsional 
vibration in the drive system.  Depending on the response of the system, 
dynamic forces are developed at the gear teeth, superimposed on the steady 
forces transmitting power from engine to rotor.  These dynamic forces act 
through the shafts and bearings to set up lateral vibrations in the gear- 
box housing, with the magnitude of vibration being influenced by any 
natural resonances in the housing.  One result ot this vibration is the 
transfer of vibratory motion from the large areas of the housing to the 
air, thus generating noise.  At the same time, some of the vibration of 
the housing is transferred through its mounting Into the aircraft struc- 
ture. At this point, the direct role of the gearbox in influencing cabin 
noisi has ceased, indicating the logical cutoff point for the area of con- 
cern of this program.  Indeed, the intensive study of the program was con- 
fined to those noise factors directly related to the gearbox.  However, 
when in-flight measurements were being made, and because of the conve- 
nience of doing so, the investigation was to a limited extent carried over 
to some of the factors associated with the aircraft proper.  Figure 4 con- 
tinues on to show these factors relating to the transmittal of noise to 
the pilot after it leaves the gearbox.  The upper path in the chart shows, 
in highly simplified fashion, how the noise in the air surrounding the 
gearbox housing passes through the gearbox compartment bulkhead and con- 
tinues through the air until it reaches the pilot.  Since this mode of 
transmittal originated and continued with the vibration in the form of 
noise, or air pressure pulsations, the noise using this path is referred 
to as airborne noise.  The lower path in the chart shows, again in highly 
simplified fashion, that the gearbox vibration transmitted to the structure 
is carried by the structure to the cabin bulkheads, where it is for ihe 
first time transformed into noise reaching the pilot.  Since the structure 
played a pronounced role in this mode of noise transmittal, the noise at 
the end of the path is referred to as structure-borne noise. 

The factors described above have been investigated in some portion of the 
three taiks making up the program.  Task III. devoted to noise and vibra- 
tion measurements , served to identify the souices of excitation and the 
mode of noise transmittal.  It also described the nature of the resonances 
in the gf. irbox housing. Task II, containing the analytical treatments, 
providea the quantification of the major form of excitation and of the 
gear tooth forces that result from this excitation.  It further revealed 
the contribution of torsional resonances in the drive system.  Task I, 
dealing with the gear measurements, helped to identify the manufacturing 
imperfections that contributed directly to the major forms of excitation 
and to what extent. 
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This  section of the   report,   following the  sequence just given,  will de- 
scribe how each of  these  factors has been Investigated In the program,  will 
give  some  representative results,   and will discuss  their interpretation 
leading to the concluslono.    The comprehensive data collected,   the  instru- 
mentation  and methods  used,   and  the  derivation and  justification of  the 
analyses have  been  reserved for  the  various  appendixes. 

NOISE MEASUREMENTS 

The noise measurements made on three helicopters during cruise  operation 
are presented  in Figures 5, 6,  and  7.     The  cabin  locations  referred  to  in 
these  figures  are   identified  ir Figure  8. 

. 

■ 

I 

Before an analysis of these results  is undertaken,   it may be useful  to re- 
view briefly some  of  the pertinent basic   Information about complex sound 
and its measurement.     More detailed  information may be found in 
Reference  3. 

Typical noise,   such as that measured  in the helicopter, may be  considered 
a blend of two kinds  of sounds.     In one,   the  sound is distributed essen- 
tially continuously in frequency  (meaning that all frequencies are 
present)   and  is  fairly constant  in sound pressure   level over a wide   fre- 
quency range.     This kind of sound is often referred to as "white noise". 
The other kind consists of discrete   frequencies   (meaning a  limited number 
of isolated frequencies), which are greater  in sound pressure   level  than 
the "white noise" of adjacent frequencies.     Instrumentation used  to 
measure  sound cannot measure  the  sound pressure   level of each  individual 
frequency;   instead,   by using the adjustable  band-pass filters,   it meas- 
ures  tht   combined effect of all  the   frequencies within each selected band. 
Because  the  filters  cannot be made with perfectly sharp cutoff  limits,   an 
actual measurement  combines also part of the effect of frequencies  in ad- 
joining bands.     The   bandwidth  is  referred   to  as  a "narrow band"   if   its 
width is small,   perhaps one-thirtieth of an octave.    The  term "wide band" 
is used  for bandwldths  of one-third,   one-half,   and  full octave.     If   the   in- 
strument measures   the  entire  sound  frequency  range  as one  band,   the  mea- 
surement  is an "overall" sound pressure   level.     The  indication of the 
sound  pressure   level   instrument   is  not  based  on  a   linear measure;   instead, 
the unit used  is  the  decibel  (db),  which  is based on a logarithmic scale. 
The  sound  pressure   is   IndicatpJ  as  proportional   to  the   logarlthim of   its 
ratio  to a very small  standard pressure.     The   significance of  the decibel 
is such that a sound having 10  times  the  pressure   level of another will be 
indicated as measuring 20 db higher. 

The selection of  the  bandwidth depends on  tht  purpose for which  the mea- 
surements  are   to be  used.    A narrowband  plot   is  useful  to  pinpoint   the 
exact  values of  the  discrete  frequencies,   especially when these  are 
crowded close  together.     The  full octave  bandwidth,  on the  contrary,   ob- 
scures   the   individual   frequency values  and  instead  shows  the manner  in 
which  the  general noise   level varies over  the  full  frequency range. 
Figures  1 and  2 are of this type.     The  third-octave bandwidth,   used  in 
Figures   5,   6,   and    7,  and most other  figures   in   this  report,   performs   the 
combined   function of  calling attention  to   the   location of  the  discrete 
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(YjAt hatch to gearbox compartment 

Figure 8.    Microphone Locations  foi    ound Pressure Level 
Measurements on Three Helicopters. 
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frequency componenr.s of the noise  and,   in a special way to be explained 
later,   of  conveying the general  level  as  it varies across  the  entire  fre- 
quency range. 

In these  plots,  a stries of straight   lines  connect    points whose  frequency 
values  are   at  the  "mid-points"  of  the  bands.     The purpose  of   the   line   seg- 
ments   is merely to convey  the  association of  the  points.     Unlike  conven- 
tional plotted curves,   intermediate  points  on  the   line  segments  have  no 
significance. 

Interpretation of  these  third-octave  band  curves  is based on  the   locations 
and heights of the  peak values.     These  peak values generally signify that 
one  or more  discrete   frequency noise  components are  present  within  the 
particular band of  frequencies.     While   the height of  the  peak r«oresents 
the  combined effect  of all  frequency noise  components  in  the  band,  be- 
cause of  the  nonlinear manner  in which  the  combination takes  place,   the 
one or  two  dominant discrete   frequency components generally determine   the 
value  of  the  peak.     For example,   adding a second discrete   frequency com- 
ponent   to  one  of  the  same magnitude  will  raise   the peak by only 3 db.     If 
the  second  component   is  5 db siualler  than  the   first,  when  the   two combine, 
the  increase  over  the   first component  alone  will be  only  1  db.     Hence,   to 
get a  general picture  of how the  curve  would   look if  it were  plotted with 
a wider bandwidth  in place  of  third-octave,   it  is necessary  only  to  imagine 
a  line  almost  "skimming" the  peaks.     Furthermore,  any overall   noise   level 
would be  almost completely determined  by any one portion of  the  noise 
spectrum which  is higher than  the   rest.     For example,   in Figure   2  the  over- 
all  level  for each of the curves would  be determined by the higher  levels 
shown  in  the   low-frequency end of   the   frequency spectrum with  practically 
no influence   from the   lower  levels  at   the high-frequency end. 

With  this explanation  in mind,   it will be  recognized  that  the  "valleys" 
appearing between peaks in the  third-octave  band plots are of  little  sig- 
nificance.     The  value  read out  by  the   instrumentation consists  of  a com- 
bination of   the  continuous-frequency "white   noise" and   low-level  dis- 
crete   frequency components within  the  particular band and,   in addition,   a 
portion of  the high-level discrete   frequency  components   in  the  adjacent 
band,  especially  those whose   frequencies are   just beyond   the  particular 
bana   'imits.     As mentioned earlier,   these "outside"  contributions  result 
from the   inadequately   sharp cutoff  capabilities  of  the  band-pass   filters. 
Very often,   if  the  high peaks  in  the  adjacent bands are  reduced,   the 
values of   the  valleys would  also drop  accordingly. 

Returning   to  Figures   5,  6,   and   7,   some   conclusions may now be  drawn. 
First,   there   is a high degree of similarity  in both  levels  and  curve  shape 
for the   three  aircraft.     This may be   recognized more easily  in  Figure  9, 
in which   the  measurements at  the  bearbox compartment  are  shown   in  super- 
Imposed  curves.     The   frequency bands with  Che   peak or near-peak values  are 
remarkably consistent   for the  three  curves.     In addition,   the   sound pres- 
sure   levels   show remarkable  consistency,   with differences  between curves 
at any one  band  rarely exceeding  5 db.     This  absence  of  large,   random 
variation  among aircraft  reinforces   the  concept   that  a  reliable,   analyti- 
cal method   for computing noise   levels  can be  developed. 
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The   influence  of microphone  location may be considered by again referring 
to Figures  5,   6,  and 7.    One  noteworthy  item is  the  similarity over a 
broad range of  frequencies between the measurements at  the  rear of  the 
crew compartment  to those behind  the  pilot,   for each of   the   three  heli- 
copters.     The   range of closest   similarity  is  that  above  600 Hz.    As men- 
tioned   in the   Introduction  and as will be  demonstrated  later,   this  range 
is  the  one particularly related  to  the  gecfbox.    Another  item of  interest 
in these   figures  is the major difference between the measurements  taken at 
the  gearbox compartment  and  those   in the  cabin proper.     This difference 
takes   the  form of contrasting  general  shapes of  the  curves,  with one  show- 
ing   generally   lower sound   levels  as  frequency increases  and with  the other 
showing  the  opposite  rslationship.     The  difference  also  shows up   in  the 
absolute   sound   level  reached,   especially at  the high-frequency end.     Less 
obvious,   but  also significant,   is  the  one  similarity  among all  the  curves, 
that  they peak almost always  in  the  same   frequency band.     These differences 
and  similarities   can be examii.ed more effectively if  two of  the widely dif- 
fering curves  are plotted  superimposed on one  set of  coordinates.     This has 
been done  for  the "behind  pilot*' and "at gearbox compartment"  readings 
taken on    n^  of  the helicopters,   No.   66-1038,  with  the   results shown  in 
Figure   10.     This comparison reveals   that  the  relationship between  the  two 
curves   is different  in  the   frequency range below about   500 Hz  from what  it 
Is   in the  range  about  500 Hz.     In the   lower range,   the   two curves  are 
closer but  the   locations of  individual  peaks are not  very  similar.     In the 
upper  range,   on  the other hand,   the  curvea  are widely separated but   the 
peaks  show identical  locations  on  the   frequency scale.     This differing re- 
lationship between the  curves   in  the  two  frequency ranges  suggests  signi- 
ficant  differences  in the   sources  and modes of  transmittal  of  theiv   in- 
dividual noise  components. 

B. fore  proceeding further with  the  analysis of  these  noise measurements, 
it   is  possible   to narrow the  problem down  to only one  of  the   two   frequency 
ran3es.     Figure   1  shows  the measurements  for the  "behind  pilot"   location 
replotted on a  full-octave  band  frequency scale   in comparison to  the maxi- 
mum noise   level  limits of MIL-A-8806.     The measured noise   levels exceed  the 
specification   limits but only   in  the higher portion of   the  overall   frequen- 
cy  range.     Further discussion will  therefore emphasize   the  higher   frequency 
noise  components,  and only occasional  reference will be made   to  the 
lower   frequency  range. 

The   sources  of  the discrete   frequency noise  components which create   the 
noise  peaks may be  traced  through comparison to  the  calculated frequen- 
cies  of  all  possible excitations  connected with  the  drive   system.     These 
calculated  frequencies,  based  on  in-flight  transmission  input  speed of 
6600  rpm,   are   given  in Tables   I  through  IV.     In each   table,   each   individ- 
ual   frequency   is associated with  the  third-octave band  in which  it 
falls.      If  the   frequency  is close   to  the  value  dividing  two  adjacent bands, 
it   Is   located between  the   twr,   indicating  that  its effect  on measurements 
will  be   about equal  in the   two bands.     Table  I  is of particular  interest 
because   the   frequencies thit   it  contains   lie  in the  upper portion of  the 
overall   frequency range.     The   first   three  columns of   li-ted   frequencies  are 
for   the  main   rotor drive   gearing  stations  in the  transmission.     A  sche- 
matic  diagram of  these  stations   is  given  in Figure   U.     Matching  the  values 
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TABLE II.  CALCULATED EXCITATION FREQUENCIES  - 
MAIN AND TAIL ROTOR ROTATIONAL FREQUENCIES 
AND THEIR HARMONICS* 

Third Octave 
Band Midpoints, Hz 

1 

Main Rotor 
Hz 

Tail Rotor 
Hz 

10 11 (2) i 

12.5 

16 

20 21 (4) 

25 

32 33 (6) 
i-is 

40 A3 (8) 

50 54 (10) 
c. c.  ^ ^M 

63 6^ (12) 
->->    {<-) 

80 

100 

125 
110 (4) 

160 165 (6) 

200 

250 
2Z0   {o) 

320 330 (12) 

*Figures in parentheses show oraor of harmonics. 
Each rotor has two blades;  henre.even-numbered harmonics are blade- 
passing frequencies. 
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1                              TABLE  III.     CALCULATED EXCITATION  FREQUENCIES  -                              | 
j                                                          MISCELLANEOUS SHAFT ROTATIONAL   FREQUENCIES              | 

j      Thlrd- 
i      Oct. 7e 
j         Band 
| Midpoints 

i          Ht 

Transmission Shafts 
Main    Rotor    Drive 

Tr«nsmlstlon Shafts 
Tall Rotor Drive 

Power 
Turbine          | 

Shaft            ! 
Hz              { 

Inter- 
planetary 

Hz 
Quill 

Hz 
Input 

Hz 
Takeoff 

Hz 
Drive 

Hz 

16 17 
i 

|           20 

25 

32 

40 

50 52 

63 69 

80 

100 
Tin 

125 

160 

200 

250 

J20 

400 .      . 
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Helicopter Rotor 

Pltnet Carrier 

/ 

Upper Stege Planetary 
(Spur) 

Lower Stage Planetary 
(Spur) 

Input Coupling 

Turbine 
Drive 
1260 HP 
6600 RPM 

Spiral Bevel Set 

Figure   11.     SchemaLic   Diagram  of Main Rotor  Drive Gearing Stations 
in   the UH-1D Helicopter  Transmission. 

t 

2j 



in  the  table   to  the peak noise   level  frequencies  in Figure   10  reveals a 
clear relationship between the   frequencies   for all  three  gearing stations, 
trom  the   fundamental  frequency up  to   the   third harmonic.     The   fourth har- 
monic  for  all   three  stations,  however,   corresponds with a "valley"   in  the 
noise  plot.     The  exciting  frequencies  are   indicated  in  the  upper  right of 
Figure   10.     This  correspondence   is  shown even more emphatically when the 
calculated   frequencies are  compared   to   the   peak values   in  the  narrow-band 
analysis,   as  shown  in Figure   12.     The  narrow-band  analysis,   to  some  extent, 
helps  to distinguish thfe   effects of  two exciting frequencies which are 
close enough   to each other  to  be  within   the  same   third-octave  band.      ftie 
upper planetary  third harmonic exciting   frequency  falls  so  close   to   the 
fundamental of  the   lower planetary  that even  the  narrow-band  analysis can 
not  separate   their effects.     On.  the  other  hand,   the  second harmonic  of the 
bevel  set exciting  frequencies   is  sufficiently removed   from  the   third 
harmonic of  the   lower planetary  that,   ir  Figure  12,   it   is  seen as  not 
contributing significantly to  the  noise   level peak in  the 6400 Hz  third- 
octave  band. 

The other  frequencies  listed  in Table   I  may also be  compared   to  the  peak 
noise   level  frequencies  in Figures   10  and   1".    The   transmission  gears  that 
are  puit of   the   tail  rotor drive do not  appear to make  any  significant 
contribution  to   the noise  peaks,  most   likely because  of  the   relatively 
small  power  they  transmit.     The   fundamental   frequency  from  the  second stage 
of  the  turbine   reduction gears   is  almost   identical  to  the  third harmonic 
from the   lower  stage  planetary of   the  main   transmission;   hence,   it   is   im- 
possible   to evaluate  its  contribution.     The   last column  in Table   1  shows 
the  tooth meshing  frequencies   in  the  coupling cunnecting  the   turbine   to 
the   transmission.     Although  these   teeth are  not gear  teeth  in  the   strict 
sense,   their meshing action  is   somewhat  similar.     In any case,   comparison 
of  the  calculated   frequencies  shows  no significant  role   in  the  gearbox 
noise. 

The   frequencies   shown  in Table   II   are  derived  from the   rotation of  the 
main and  tail   rotors.     Since each of  these   rotors has  two blades,   the  even- 
numbered narmonics  ^iven  in  the   table  correspond to blade  passing  fre- 
quencies.     Some  of   these   frequencies  have   been  indicated   in Figure   10, 
where   they appear  to  identify the  rotors  as  major sources of  the  noise   in 
the   lower  frequency  range.     A similar   .rdentiflcation was made   in a  Bell 
Helicopter Company  noise  study on  the  UH-1A   (Reference   2). 

..cellaneous  shaft  rotational   frequencies   are  given in Table   III.     Exci- 
tations of  these   frequencies  could  arise   from eccentricities  of  shafts, 
gears,   or bearing  races.    Any gear manufacturing error which   introduces  a 
variation  from  tooth  to tooth  in an  irregular pattern  is   likely  to excite 
a  fundamental   frequency equal  to  the   rotational  frequency,   and  also  its 
higher harmonics.     Since  the   frequencies   listed  in  Fable   II  are   confined 
to  the   lower   frequency range,   and   in any case  do not  correspond   in a  clear- 
cut  fashion  to   individual peaks   in  Figure   10,   these  possible  sources  of 
excitation may be  discounted as major contribution^   to  the gearbox noise 
problem. 

The  part played  by  the ball  and  roller  bearings as  sources of excitation 
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may also be derived  from the   noise measurements.     It   is  necessary,   first, 
to recognize the  special character of rolling-tlement bearing noise. 
"While  bearing sound  is not  composed purely of superimposed continuous 
tones,   it can,   in most cases,   be  analyzed as such.     It  consists principally 
of repeated sets of impacts  and rapidly induced vibrations  followed by de- 
caying  transients,   all  intermingled."   (inference 4)       The  basically contin- 
uous-frequency character of  this noise will  therefore  not  show up as dis- 
crete-frequency    peaks  in  the  noise measurement plots.     Instead,  the  ball 
and roller bearings may be  regarded as major contributives  to "white noise" 
throughout  the entire  frequency range.    This "white  noise"  plays a second- 
ary role   in producing objectionable noise.     This is  true especially in the 
upper  frequency  range,  where   the excessive  noise   levels   are   to be  found. 
In  this   frequency range,   the  higher peaks  stand out  at much higher sound 
levels   than the  valleys,   and   it  is   the valleys which  reflect  the "white 
noise"  in combination with other influences. 

The  one exception to  the  continuous-frequency character of  the  rolling- 
element bearing would arise   in  the presence  of race defects over which 
loaded balls or rollers were  passing.    The excitation  frequencies associ- 
ated with  such conditions have  been calculated and  listed   in Table  IV. 
Except  for  the   input  shaft  bearings,   these   frequencies   lie   in  th«.   lower 
frequency range,   and even these  show no clear-cut relationship to the  peak- 
value   frequencies.     In the  case  of  the  two  sets of higher  frequencies,   the 
frequencies  for  the  niter races  fall close  to the peak attributed  to  the 
upper planetary gear  teeth meshing excitation.     Since   this  peak  itself  is 
so   low,   it  xs unlikely  that   the   two bearings make  any  significant   contri- 
bution.     The frequencies  for  the  two  inner races of these  bearings  like- 
wise   fail   to correspond  to  any ma lor i.oise  components. 

The   relationship between the   noise measurements at  the   two microphone  posi- 
tions,   as  plotted  in Figure   10,   reveals  something about   the mode of  trans- 
mittal cf   the  noise  from the   gearbox  to  the  pilot's   location in  the  cabin. 
The  spacing between  the   two  curves  at each  frequency  is  a measure of  the 
attenuation,  or reduction,   of  sound   level experienced by  the noise com- 
ponent of  that particular frequency.     If the  noise   is  scructure-borne   from 
gearbox  to helicopter cabin,   the  attenuation   is  likely  to  vary with  fre- 
quency because  resonances   in   the  structure   tend  to   influence   the  transmit- 
tal of vibration.     On the  other hand,   airborne noise   is  more   likely to be 
independent of  frequency.     To   facilitate examination of   the  attenuation 
charactpristics contained  in Figure   10,   the  differences  between  its  two 
curves have  been repl^tted   in  Figure   13.     The  point-by-point  plot  is  accom- 
panied by  straight   lines  showing averaged values over  broader  ranges of 
frequency.     This   figure emphasizes  the basic difference  between the noise 
components  at  the   lower ends,   and  the higher ends,   of   the  overall  frequency 
range,   showing also an  i»-termediate    ransition range.     Most  significant  is 
the  nearly constant  attenuati~n,   deviating  5 db or  less,   from a mean of 
27.5 db,   in  the  frequency range  over  1000 Hi..     This  significance  is based 
on  the   premise  that  structure-borne  noise   is -^ore   likely   than airoorne 
noise   to  reflect  resonances,   which would appear as major  variations  in at- 
tenuation with changing frequency.     The absence of  such   variacions  in  the 
frequency  range  covering the  major  gearoox noise  components,   suggests  that 
a  large  part of the  gearbox noise   reaching the  pilot  is  airborne. 
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GEARBOX VIBRATION MEASUREMENT 

Some  typical in-flight measurements of gearbox vibration are shown in 
Figures  14 and  15,   with  the  locations  identified  in Figure  16.       These 
plots  are on  the  same   third-octave band frequency s  ale  as was uced with 
the noise measurements,   and are  subject  to  the  same  interpretation as  to 
the  significance of peaks  and valleys.       The  vertical  scale gives  the  vi- 
bration in terras of velocities,   to which the   Initial acceleration measure- 
ments were converted.     Since  the pressure   levels of sound are directly pro- 
portional to the velocities of  the vibrating s irfp.ces  that produce  them, 
vibration raeasureraents  in  the  form of velocities will most easily permit 
comparison with sound measurements.    The  velocitv scale  used is also  simi- 
lar  to  that of  the  sound  pressure   level,   in  that  iTeasurements are  given  in 
the  same  logarithmic or db  scale.     In the case  of  the  velocity measure- 
ments,  however,   the db   levels are calculated  in relation  to an arbitrary 
reference:     the  velocity which  is equivalent   to   1 g acceleration at   1000 Hz 
is taken as 85 db.     Therefore,   there is no direct  relationship between in- 
dividual db  levels   in noise  and  vibration velocity plots;  however,  dif- 
ferences  in db  levels   in one plot are directly equivalent   to differences  in 
the  second. 

Identification of  the  gear  teeth meshing frequencies  shown in  Lhe  noise 
plots has also been  added   to  the  -'ibiation  plots.     Agai.i,   there   is  a close 
relationship between these  frequencies and  tht.  frequencies ot  fhe vibration 
peaks.     It is  interesting  to note  that,  alrhough the  fundamental bevel set 
meshing frequency does not  appear as a peak in the  ring gear housing vi- 
bration curve,  it does appear in both has* vibration curves.    One  peak not 
associated with any gear teeth  meshing fr qaeucy is  to be  found in the 
upper   frequency range of most of  these vibration measurements.    This peak 
is at  1000 Hz and  is present  in all  the  cuives except  that of the  ring ge^r 
housing.     It also appears   in the  "behind  pilot" noiae'measurements tut not 
In the  "gearbox compartment" nois«   meas'nevaents.     See Figures  5,  6,  and 7. 
A possible explanation for  this peak Is  that  its  source  is external  to  the 
gearbox and that  it  is being transmitted  into  the gearbox base  from the 
aircraft structure by the   lift  link. 

No  thorough analysis has  been made  of  the  vibration curves   in the   lowei 
frequency range.     However,   it  is   interesting  to note   that   two of  the most 
prominent peaks  in each of  the  vibration curves  coincide with the  fre- 
quencies of 43 and 67  Hz,   at which  the planets  in  the  upper and  lower 
stages,   respectively,  pass  any point in the  ring gear.     These,  then,  are 
the   frequencies at which  the  somewhat  flexible   ring gear is   forced  to pul- 
sate  under the moving pla.^  gear  steady  loads.     It  is  also worth noting 
that,   although  these  peaks   are dominant  in  the   vibration curves,   they 
hardly appear,   if at  all,   in  the  noise measurements.     Quite  possibly,   the 
low frequency of  these   r^ng gear vibrations  contributes   to  their almost 
complete attenuation. 

In  the   range of gear  ..eeth meshing frequencies,   it  is  possible  to go some- 
what  further in relating  the  vibration measurements  to  the  noise measure- 
ments  than by simply pointing out   the matching relationship of peaks  to ex- 
citation  frequencies.     Not  only  the   frequencies  but  also  the   levels 

28 

-■"%AWi*V.', .^v 

- MM. yMM 



1     <fl\ 
1    v\ 
\     u 
1     c\ a 
1     «   e 
1     3] f 
1     al *- 
1    vl'y 
1    M 1   u-   : 
'1             w 

od " 
al *■ 

1   -"   a 
1       JZ]   (. 
1    o  a 

1    * - 1   ^ a 
1     .i-l »■ 
1    ^1 1 
1     <D\ C 
I    «■   c 

1   H ~ 

III 
1          a 

li            ^ 

C 

I          1 

1               ! 

1               ' 

S" 
s* ^ 

EQ 

♦  0*~ <rr' 
.-- ̂ 0^ ^ 

/ ^ •J                                 rs 

ft. 
* I 

1 '                         1      - 
1                      ^ 

il 

' 1                                            ^ 

t 
7         S. 

< rf > 
^ J" 

^< ==$ 

^ 
■ ' 

-"*• \ 
\ 

S^ \ 
1 

<< > > 

*•■          ft- 

f      - 
ad        i 

>J 

^ 

« S 
j            p- k    c 

n 

1 
U 

S.^. ^s ■^sv 
L.        ' 

M 

y ^-, r 
/ r ^ 
/ 

"V^V 
t5^ I   _.. 

4| f / y 

■o 

I 

> 

/   

^ 
"^ 

/ 
1             I 

i 

j           1 

0 

1      on Q 
1     -^   ( 

il    c 
1     c ■ u 
1        3i 

oi  a 
i        t-   Q 
1       ^   ^ 

C] 

0)1 

0. 

t-J 
m 
a 

i                 i 

i 

i           L 

^ 
> 

e h j 

} > '/ 
^p> 

^s^ d t 4 

0     I r "/ \ 
!      1 J       If 

'I              ' 

i             a- f 
Si                ÖC 

' i 

j         ft- 

^ r 
> 0 

•" <f < <C a 

s < ^■^ 

^ 

  / 
f 

/, S 2 S ^ 
\ s. 

r     i 
) 

U. H O    •" 
<   —    y 

5> oa ^o -J 
< •-<  -o   -. 

9    ^^ 
/ 

\                                , 

.._ ; '  !  '  1 ! ' 

IM 

< 

 ri 

oc 
c 

•H 
to 
D 
O 
a 
X 
0 

J3 
N 
CD 
0) 
o 
c 
0 

w 
c 
o 

•H 
4-1 
CD 
o 
^ 
(U 
1) 
M 

-C 
H 

iJ 
<D • 

c 
in 0 
«J •H 
C 4J 
(U CD 
a u 
(U (U 
u 
3 <& 
(0 
CD a; 
It) CO 
s •H 

3 >. li 
VJ U 
•H 
u •» 
o 00 

fl 
01 o 
> ^J 

c ^D 
0 vf) 

•H 
u * 
CD 0 
w 2 

XI 
•H l>i 
> 01 

4-1 
(U a 
o 0 
CD CJ 

IW •.-( 
p r-4 
3 01 

LO •x. 

01 
t-l 
3 
6£ 

(qp so iH   0001   J»   JopwjaianDt fji  oj   pa^uaJaj»)!) 
qp   -   ^JI^ox»/!   uo;3»JqlA   »3»}JnS 

2 9 

■ra 



I     ""^ 

r ■ ,z —J y 
_^ *** 

• 
c 
V 
a 
o « 
M (*. 
c 

•rl 
ji 
ga 

H 

i 
o 

S 

N 
V ft 

1 
B 

1 

s 

t 
\ s^ ̂  

• ^ 

a. 
-^•' 

^"s ■H 
1 
■3 

f 

^ 1 

L
ow

er
 

P
la

n
et

ar
y 

—
L

P
-1

 

/ 
> 

o J 

/ 3 
« 

> b 
3/ 

^1 r 

r 

^^ N ^ N^, 
•> 7 

/ —/ 
^\ 
^/ 

/ • > • • > 
/ X 

/ 

« 
s 

B 
4i .— 

i 

f/ f 

In
d

ic
at

es
 

H
a

lt
in

g
 
se

n
si

ti
v

it
y

 
o

f 
p

ic
k

u
p

.  
   

 A
ct

u
al
 

le
v
el

  
be

lo
w

 
th

is
 l

in
e 

1   
    

   1
    

    
1   

   1
    

 1  
  1 

  1 
  1 sM* r 

TH
U

D
-O

C
TA

V
E 

FM
Q

ÜE
K

CT
 S

PE
CT

ItA
 

of
 

V
IB

IA
TI

O
N
 D

AT
A 

A
ir

cr
a

ft
 H

o.
65

-1
03

8,
C

ru
la

e 
O

p
er

at
io

n
 

P
ic

ku
p 

 l
o

ca
ti

o
n

  
as
 

N
ot

ed
 

^ y I              c /     , / 
■ 
m 
'> 
\i 
11 

O « 
M 

8 
1 

8 
• 
: 
i 

S 

*       -1 a 
a         «J 

u 
CO 

Ob 

< [    / X 
/ ^ 2 

A* 

1 

/N ± 
< 
^ 

1 
1 
 1 

i 
o 

t—t 

<u « 
•o 
c 
ID 

4) > 
o 

J3 

< 
Id 
C 
0 

•H 

4J 

ID 

O 
O 
J 

4-1 

IB • 
c 

M o 
u •H 
C ■u 

u ID 

E U 
0) O ^ B. 
3 O 
01 TO <u 
41 Ul 

£ ■H 

3 >, >-i 

4-1 o 
•H 

U •• 
o 00 

-H Cl 
w o 
> ^^ 
c 

1 

Ü o 
•H 
4J > 
to 0 
u z 

Xi 
•H l-l 

> u 
4-1 

u a 
u 0 
es O 

VH •,^ 
|4 r-* 

3 u 
CO X 

S 8 o> • r» 

(IP S« -  »H 000T  '■ UOTJ»I»I»33» 51 01  p»DU»i»;»i) 

qp - XJT30I»A nOTJiasTA »st/ans 

01 
U 
3 
00 

30 



Rotor Mast 

Upper  clevis o£ 
lift  Unk 

(a)   Entire  gearbox with  lift   link. 

beafbox 
input 

Ring Gear Housing 

\    Base  at  aft 
corner 

ase  at   lorward 
corner 

^ Lower clevis  of   lift   link 

Structure  under 
aft  mount 

(b)   Enlarged detail of  aircraft  structure  showing corner mount  and damper. 

Figure  16.    Accelerometer  Locations  for  Some of  the  In-FIight 
Vibration Measurements. 
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associated with each of   the  peaks have  a  general  similarity when  the   two 
kinds of measurements  are  compared,   especially when the  vibration measure- 
ments of  the  base  are  used.     This  is demonstrated   in Figure   17,   in which 
the noise measurements  were  taken  from  the   upper curve  in Figure   10  and   the 
vibration measurements  were  taken as  a composite  of the  velocities  of the 
forward  and  aft   portions  of  the housing base.     Note   that   the  offset  of one 
curve  from the  other has  no significance,   in  that   it  results  from  the  arbi- 
trary selection of  the   reference  values   in  the  db  scales.     The  peaks   in   the 
vibration  plot   fail  to  follow those   in  the  noise   plot only at   two   frequen- 
cies.     The   vibration curve  shows  a  superfluous  peak at   )000  Hz  and   fails   to 
have  a peak at   10,000 Hz.    A possible  explanation   for  the   former  peak was 
offered earlier,   but  no explanation   for   the   latter  is  apparent. 

Now that   the   relationship between  gearbox vibration and noise  has  been es- 
tablished,   it   is   possible  again  to  consider  in what manner  and   to what ex- 
tent  this  vibration might be  transmitted   into   the   aircraft  structure.     The 
measurements  shown  in  Figure   15  show very  similar  vibration at  both ends   of 
the   lift   link,   indicating  that  only overall   attenuation has   been effected 
by the   lift   link or   its   fasteners.     A  similar  set  of vibration measurements 
was made  on both  sides  of one of  the  $. * mounts on one  of   the  other 
helicopters  tested.     The  positions  of   the   two  acce lerometers  were   the  "base 
at aft corner"   in  Figure   16(a)   and   the  'structure  under after mount"   in 
Figure   lb(b).     The  attenuation across   the  mount,   that   is,   ".he  difference 
between  the   two measurements,  has been  plotted   in Figure   18 along with  th 
attenuation across   the   lift   link,   for   the   above   500 Hz portion of   the   fre- 
quency range.     The  plot  shows  that,  while   the   lift   link transmits  vibration 
from gearbox  to   the  aircraft  structure with  only   little   loss,   the  corner 
mounts aro highly effective  in isolating  the  gearbox,  at   least   in  the  gear 
noise   frequency  range. 

The  relationships  shown   in Figures   17  and   18   lead   to an observation on  the 
mode of  transmittal of noise  from the  gearbox  to   the cabin.     Since   the  spec- 
trum of  noise   levels  at   the  gearbox compartment  corresponds  so  closely  to 
the  spectrum of  gearbox base vibrations,   the  casing vibrations may well be 
the direct  source  of  the   radiating noise.     Since   so   little  of  the  bas^ 
vibrations are   transmitted directly  through  the   corner mounts  into   the  air- 
craft  structure   and  since  even  the   lift   link offers  some  overall  attenua- 
tion,   the  structural path of noise   transmittal may be of reduced  signi- 
fiance.     In  this   way,   the observed  relationships   lend  support   to  the   sug- 
gestion made  earlier that  a  large  part  of   the   gearbox noise   reaching  the 
pilot  is  airborne. 

CABIN SURFACE  VIBRATION MEASUREMENTS 

These measurements  were   included  as  a  possible   source  of additional   infor- 
mation  on   the  mode   of  noise   transmittal   into   the   cabin area.     Practical 
considerations   limited   the measurements   to  overall   levels of acceleration. 
These measurements  and   their   locations   in   the   cabin are  shown  in Figure   19. 

Before  any analysis of   these measurements   is   attempted,   the   limitations of 
overall   levels  as  <-  .. ' rce  of  information must  be  considered.     As explained 
earlier  in  connection with noise   level measurements,   the overall   value   for 
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the entire   frequency  range   reflects almost exclusively  the highest   levels 
attained anywhere   in  the   frequency spectrum.     For example,   in  the  noise 
measurements  shown  in Figure   10,   the overall   level   for  the noise  at   the 
gearbox corapartmeut  would  L"  slightly greater   than  the  highest  peak  in   the 
upper,  or gear noise,   frequency range.     This   is  demonstrated very clearly 
in  the narrow-band  analysis  of Figure   12,   in  „'hich   the  overall  noise   level 
is  shown in  the   upper  right.     In a similar way,   the   overall  level   for  the 
noise  at  the  pilot's  station would again be  only  somewhat higher  than  the 
highest  peak,  which  occurs   in  the   lower,   or  rotor noise,   frequency  range. 
As   the cabin surface   vibration measurements were  made   in the  cabin,   it   is 
reasonable   to expect   that   the  overall   levels   indicated will more   likely  re- 
flect peaks   in  the   lower   frequency range.     Hence,   these overall   level mea- 
surements will   tell  more  about  the  transraittal  of  rotor noise   than  that  of 
gear noise. 

The   tabulated data   in  Figure   19  show  that  vibration   levels  are   fairly  uni- 
form on most  of  the   cabin  surfaces.     Only  two   general   locations  stand out 
with measurements  of   higher  vibration.     The   greater  vibration on   the   side 
of   the   rear  door,   position   11,   suggests   that   this   is   a  point  of  entry  of 
external  rotor noise.     The  other high   levels   are   at  various   locations  on 
the   gearbox  compartment  bulkhead,   positions   12   through   16.     The   vibration 
at  the   last of  these   positions was recorded  and  reduced  to a narrow-band 
analysis.     The major  peaks   in  this analysis  are  plotted on a velocity db 
scale   in Figure   19.     While  most of  the  gear meshing   frequencies  appear,   the 
highest peaks,   as  anticipated,   from  the  crew compartment noise measurements 
of Figures   5,  6,   and   7,   are   in  the   low-frequency end  of  the  scale.     Thus, 
the high overall  vibration   levels measured  at   the  bulkhead represent  rotor 
pulsations,   which  find  a  relatively direct  path   through  the bulkhead  into 
the  cabin area. 

Since  these  cabin wall  vibration measurements  were  not   in a  form which 
throws   further   light  on  the mode of  transraittal of  gearbox noise,   any 
final conclusions must  rest  on the  indirect evidence  discussed earlier. 
This evidence  pointed   to  the  airborne mode,   radiation of noise  directly 
from  the  gearbox,   as   having major  significance. 

GEARBOX CASING  RESONANCE MEASUREMENTS 

These measurements were  undertaken to determine   if  any  isolated  resonances 
exist  in the  gearbox  casing which will   impose   a  specific  character on  the 
noise  produced.     With   this  as   the  sole  reason,   no  attempt was made   to con- 
duct  a detailed  study of  vibration modes  or  to   identify all closely  spaced 
individual  resonant   frequencies. 

The  general  procedure   followed was  that  of  applying  a  constant-amplitude 
vibrational  force  of  a  preset   frequency  to  a  selected  point on  the  casing, 
while  accelerometers   fixed   to  the rasing i.i  various   points  recorded   the 
magnitude of  the   resulting   local vibrations.     The  procedure was  repeated 
for other set  frequencies  at  closely  spaced   intervals  over the  entire   fre- 
quency range of   interest,   all  the while  keeping  the   vibrational   force  at 
the  same   level.     Then  the  force was shifted  to  other   locations.     The  accel- 
erometers  remained  in position,  except  for one    /hich moved so  that   it would 
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Figure   19.     Vibration Measurements  on Cabin Surfaces 
Helicopter  No.   66-1039.   Cruise Operation.' 
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always  be   at   the   point  of   force   application.     A  total  of   three   force   loca- 
tions  were   investigated.     These   are   identitied   in Figure   20,   as   are   those 
of   the   accelerometer   locations  which  have   been  chosen  for  consideration   in 
the  discussion  which   follows. 

Representative   measurements   from  these   acceleroraeter   locations  hove   been 
plotted   in  Figures   21   through   24.     Before   the   plotted  results   are   discussed, 
the   format   of   these   curves will   be   explained.     Although   they  appear  very 
similar   to   the   third-oc:tavo  plots  of  noise   and   vibration measurements   pre- 
sented  earlier,   there   are basic  differences.     Each measurement was  made 
with  excitatici   at   a   single,   discrete   frequency.     Hence,   the   response   re- 
corded   is   for   that   frequency only  and,   unlike   the   third-octave  raoasure- 
ments,   does   not   show   the  combined  effect  with   response  at  other   frequencies, 
adjacent   or   otherwise.     The   line   segments   connecting  the   recorded   points 
merely  show   that   the   connected  points  came   from   the   same   accelerometer. 
Peaks   and   valleys   have  no  special   significance;   th0   peak  measurement   is 
merely  greater   than   its  neighbors   and   the   valley measurement   is   just 
smaller   than   its   neighbors.     The   individual   frequencies   used   for  measure- 
ment  were   elected   on   the  basis  of  practical   considerations;   they  were   suf- 
ficiently  closely   spaced   to  pick up  a   large   number  of  resonances,   but   not 
so  closely  spaced   that   the   testing  would   b     unnecessarily ürawn  out.     All 
the  measurements   taken  are   tabulated   in  Appeniix   II,   but   the «plots   in 
Figures   21   through   24,   for  reasons  of  brevity  and  clarity,   show only  a   re- 
presentative   portion  of   these  measurements.     The   frequencies   selected   for 
these   plots   were   those   closest   to   the   conventional   third-octave   midpoints. 
Use  of   these   values   gave   an unbiased   selection  and  gave   approximately  uni- 
form  spacing  between   the measurements   as   plotted  on  a   logarithmic   fre- 
quency  scale.     Although   individual   resonances   appeared  at   frequencies   that 
fell  between   these   selected  values,   their   levels   followed   the   same   general 
trends   shown.     The   vertical  scale   in   the   plots   gives   the   motion  of   the 
casing  surfaces   as   acceleration,   so   that   the   constant  driving   force   used 
would   give   constant   response  except  where   a   resonance  effect   is   present. 
The  db  scale   is   used   to  compress   the   large   range   of  response.     The   db 
reference   values   for   the   various   accelerometers   are   sufficiently   alike   that 
relative   positions   of   the   curves  may  be   interpreted  as   shovm. 

Figure   21   compares   the   response   just   alongside   the  excitation   for   the   three 
different  driving   points.     Although   the   driving  points  are  widely   separated 
on   the   gearbox,   and   the   casing  construction  at   each  point   is   quiie   dif- 
ferent,   the   three   sets  of  results   show  strong   similarities.      In   gei^ral, 
they  all   start   from  a  minimum  at   200   cycles,   rise  more  or   less   uniformly 
until   about   2000   to   4000  cycles,   and   then  drop  off  slightly  until   the 
highest   frequency  measured,   10,000   cycles,   is   reached.     The   nearly- 
matching   response   curves  would   seem   to   indicate   that  despite   apparent   caso 
construction  differences,   there   is   an  overriding  similarity   throughout   the 
casing  as   far   as   dynamK   response   is  concerned.     At   the   same   time,   it  must 
be   recognized   that   the   similarities  may   result   from an  unknown  common   in- 
fluence   originating   in   the   test   technique.      If   this   is   the   case,   the   re- 
sults   recorded  may   also  be  describing   the   dynamic  characteristics   of   the 
test   system,   pnd  not   purely  those   of   the   casing  alone.     Because   it   was   not 
possible   to   identify   any  such   influence   on   the   part of  the   test  methods,   it 
has  not  been   taken   into  account   in   interpreting   the   results.     However, 
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Figure 20.    Location of  Excitation and Some of   the Accelerometers 
Used  in Gearbox Casing Resonance Measurements. 
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most, if not all, of the conclusions drawn from the measurements would not 
be changed if such an influence on the general shape of the response curves 
were to be confirmed. 

Referring again to Figure 21, the differences between the curves are quite 
significant. There are no Isolated frequencies at which all the curves 
show a common maximum response.  For example, at 3000 cycles, the ring gear 
response is at its highest level but the response at the mast bearing is 
more than 5 db below its highest and the response at the input bearing is 
about 10 db below its highest.  If all three locations were excited simul- 
taneously, as might be expected in the operating gearbox, it is quite 
likely that the composite response at each of the frequencies would be less 
variable than the individual responses are shown to be.  The overall effect 
of casing resonance at the drive points therefore appears to be fairly uni- 
form, at least in the frequency range above about 2000 cycles. This range, 
incidentally, includes those frequencies previously demonstrated to have 
the major gear noise components. 

Figures 22, 23 and 24 each compare the casing response at the drive point 
to the response at other locations.  One of these locations is on the main 
casing section, below the ring gear. The other two locations are on the 
base, and.their measurements have been averaged to give some rough idea of 
a composite response.  The measurements at these non-driving-point loca- 
tions all show certain common characteristics.  First of all, at frequen- 
cies up to about 1600 cycles, the response stays fairly constant at close 
to 50 db.  This simply indicates that at these frequencies and at these 
locations, the applied force is simply shaking the casing as a rigid body 
in its soft mounts. At higher frequencies, the response plot starts to 
follow the response at the driving points, but at levels of 20 to 30 db 
lower.  The shapes of the response curves for base and main section loca- 
tions, especially the former, are very similar to the higher response 
curves. 

These other curves tend to reinforce the conclusion stated after study of 
Figure 21, that a composite response with excitation at all locations has 
no Isolated resonance, and that the many individual resonances tend to com- 
bine to give a more or less uniform response at frequencies above 2000 
cycles.  The relationship between the response at the non-driving locations 
to that at the drive points leads to some additional conclusions. Although 
the excitation force is applied in a fairly restricted area, its effect is 
felt throughout the casing.  The response at the other locations may be 20 
or 30 db lower than that at the drive point, but this reduction may be more 
than offset by the larger surfaces involved. Another conclusion derives 
from the similarity in the response of the base, in its variation firom 
frequency to frequency, to that of the portion of the structure where the 
driving force is applied.  This similarity suggests that it is the 
resonance in the drive point structure, rather than in the connecting 
structure or the base Itself, which determines the general character of the 
overall response of the gearbox casing. 
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GENERAL DESCRIPTION OF ANALYSTS 

The analytical method developed In this program for predicting gear noise 
levels is described in basic form in Figure 25. The data used in the cal-
culation are derived primarily from the design of the gearbox and other 
components in the main drive system. If a new gearbox design is to be 
analyzed, information normally found in a design layout will suffice. 
Data from the operating conditions is also required, specifically the 
horsepower transmitted and the speed. The final information needed is re-
lated to the as-manufactured condition of the gears. Ideally, this infor-
mation will be taken from measurements on representative gears. In the 
case of a new design, where the gears have not yet been manufactured, it 
is possible to use information derived from past measurements of similar 
gears. When the gears have been precision ground, as is typical of heli-
copter transmission gearing, tb« significance of the manufacturing de-
viations may be rather small and estimates of gear errors based on design 
specifications will suffice. The computation procedure involves three 
steps, which are briefly described below. Representative results will be 
presented in later portions of the Discussion section. Detailed descrip-
tions of the analyses and computer programs are presented *.n Appendixes 
T17 U XIT 

The first step, using a computer program, Is an evaluatl .he magnitude 
of the excitation or disturbance Introduced into the gea.'b̂ .. vibrational 
sys«cem. This excitation comes predominantly from the meshing, or clashing, 
of the gear teeth, as was demonstrated in the noise and vibration measure-
ments discussed earlier. Hence, the first computer program considers in 
very thorough fashion many aspects of the gear meshing phenomenon. The 
present program is written specifically for spur gears, which make up most 
of the gearing in the conventional helicopter gearbox. A more general pro-
gram would also consider helical gears, but it was found to be most im-
practical to take on this more complex problem without first gaining some 
experience with the simpler spur gear case. The first reduction gears in 
the helicopter gearboxes are generally spiral bevel gears. Although these 
gears cannot be analyzed exactly, the existing program does assist in ob-
taining usable estimates of the excitation they produce. 

The output of this first progrsm is in the form of a series of excitation 
amplitudes, corresponding to frequencies equal to the gear teeth meshing 
rate and its harmonics. The program also provides a computed value of the 
mean combined stiffness of the neshing gear teeth. 

The second step is a vibration response calculation performed by a main 
computer program supplemented by an auxiliary program. The main program 
treats the entire main power drive system, from engine to rotor, as a tor-
sionally vibrating system excited by displacement pulsations in each gear 
mesh. This program is written around the conventional gearing arrangement 

helicopter gearboxes: a simple stage of reduction gears used together 
with two planetary reduction stages. Tnere are several unique features in 
this program. Excitation is introduced as a displacement instead of in the 
more conventional manner of exciting forces or torques. The planetary 
systems are subjected to a thorough dynamic analysis, which considers 
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elasticity at all gear teeth meshing points,  In the planet carrier,  ara 
even In the mounting restraint of the ring gear.    Likewise,  the  Individual 
Inertias of all of the components are  Included.    The program has provision 
for damping at bearing locations,  but not of the gear teeth meshing points. 
Although  this additional feature is highly desirable,  it would have added 
considetable complexity, and it was best   -eferred to a future refinement of 
the program. 

The results of this response calculation are  in the form of dynamic 
torques which act on the driving gears.    Under certain conditions of planet 
phasing,   it is necessary to use  the supplementary computer program on each 
of the planetary stages in order to get the  forces associated with the  in» 
dividual planets. 

The final  step of the calculation process  takes the excltatloiTvalues from 
the first computation and the dynamic forces  from the second computation 
and translates them into predicted noise  levels.    The actual process 
through which excitation leads  to noise  is extremely complex and very de- 
pendent on many specific design features of the particular gearbox and its 
environment in the helicopter.    Development of a rigorous analysis which 
follows in step-by-step fashion the actual noise production process was 
Judged to be unrealistic, considering the present state of knowledge  in the 
field.     Instead,   the calculation employs a very direct method which has 
more of an empirical than an analytical basis.    This method was adopted 
from one which demonstrated its effectiveness when used for noise  level 
predictions on other types of gear transmission systems  (see Reference 5). 
The original analysis postulates that for each excitation frequency there 
is a scalar quantity akin to power which is introduced at the excitation 
points and which finds its way through the shafts and bearings  into the 
casing.    This "power" shows up in the casing in the form of casing surface 
vibrations,  and a known small portion of it  is thereby converted into 
acoustical power.    The "power" at the source is taken as the product of the 
absolute excitation displacement  times  the absolute dynamic force of the 
same frequency developed at the same point.     Zero attenuation while passing 
through the bearings is assumed.    This assumption is reasonable because the 
bearings are both  laterally stiff and  free of lateral damping.    A response 
of the casing independent of fiequency is presupposed.    Measurements of the 
gearbox casing response described earlier do indeed indicate  that  there  is 
no isolated,  dominant casing resonant  frequency and that,  instead,  the 
overall  level of response in almost all of the gear noise  frequency range 
was relatively uniform.    The assumption that noise is directly produced by 
the vibration of the gearbox housing and that it Is not dependent on the 
aircraft structure  is also supported by measurements made in the program. 
These noise  and vibration measurements,  it may be recalled,  strongly 
pointed to the airborne mode of noise  transmittal. 

After finding the noise power levels,   the calculation procedure converts 
them to sound pressure  levels as measured by the noise  level instruments. 
To facilitate comparison of calculated to measured noise  levels in third- 
octave band spectra,  the p-ocedure also Includes a means of simulating the 
effect of noise analyzer filters  in combining noise levels of close  fre- 
quencies.    Thus the  final result of predicted noise levels is very similar 
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In presentation  to  the  results of actual measurement. 

GEAR EXCITATION ANALYSIS 

The gear excitation of  vibration comes  from the   imperfect action of  the 
meshing gear  teeth      Perfect gear action  takes place when the  ratio of  in- 
stantaneous veiucit.y of  the  two gears remains absolutely constant  and no 
varying  loads are.   introduced by the meshing action.    This perfect action  is 
not achieved  in actual gearing because of a combination of  the   following 
conditions  (References   5,  6,  and  7): 

1. Nonuniform deflection of genr teeth under a steady load 

2. Imperfect  geometry of the  gear due  to manufacturing and sometimes 
also design 

3. Variable  frictional forces acting at  the  teeth contact points 

4. Variable hydraulic  forces due  to oil pocketing in the  spaces 
between meshing teeth 

The analysis developed considers  the  first  two  itens  for those  characteris- 
tics which show up uniformly from tooth  to  tooth.    Any characteristics of 
deflection or geometry which are not uniform in  this manner will not  gener- 
ate disturbances  of the  tooth meshing frequency or its harmonics and  there- 
fore do not contribute  to the noise components under study.     Items  3  and 4 
were judged  to contribute  less  to gear excitation  in helicopter gearboxes 
than Items  I and   I    and were set aside  for  future  refinement of  the  present 
analysis. 

As part of  its  procedure  tor  calculating  the excitation components,   the 
analysis and  its  computer program finds  the point-by-point variation  in 
gear teeth deflection.     This  is  illustrated  in Figure  26(a), which  gives 
the unit normal deflections calculated  for a single  tooth on the upper sun 
driving a single  tooth on the planet under a  tangential load of  2500 
pounds.    As  shown  in  the  figure,   total gear  tooth deflection is  the  sum of 
the flexural displacement of the driving and driven teeth plus  the  combined 
contact or Hertzian deformation.     The  form of  the  individual  tooth dis- 
placement curves may be explained in  the   following manner.     Since  the 
driving tooth comes  into mesh with the  load applied near its root,   it ex- 
periences very  little  flexural displacement at  its  load point.    As   the 
driving tooth continues  in mesh,   the   load point moves out  toward  the   tip of 
the tooth,  and  this displacement  increases  rapidly.    The driven gear  tooth 
comes into mesh with  the   load applied at  its  tip,  and therefore   its dis- 
placement characteristic   is  in reverse.     When  the  two curves are  combined, 
a more nearly uniform displacement  results.     The  addition of the contact 
deformation, which  is  uniform throughout  the  gear  teeth engagement,   gives 
the total deflection curve. 

Figure 26 shows how this  total deflection curve   for one pair of  teeth ap- 
plies only during  that  part of the meshing action  in which only one  pair 
transmits   load.     When   load  transmission  is  shared with adjoining teeth,   the 
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single pair In question has only a fraction of the total  load and deflects 
correspondingly  less.     The  Individual pair of teeth therefore experiences a 
pattern of no deflection at no  load,  partial deflection when  load  Is shared, 
full deflection when the  load Is carried  alone,  partial deflection as  load 
Is again shared,  and,   finally,  no deflection as  the pair of  teeth goes com- 
pletely out of mesh. 

The gear as a whole does not experience  the  Intervals of no deflection,   for 
when the single  pair Is out of mesh,  other teeth are carrying  the   load and 
deflecting In a similar manner.    Tint  pattern for the entire gear may also 
be seen In Figure 26(b).    The rlght-h_-.d  part of the deflection curve has 
been augmented by the deflection of  the  next pair.    Going from the  pitch 
point of one pair to  that of the next gives a repeating pattern for  the en- 
tire gear of  full deflection,  partial deflection,  and back to  full deflec- 
tion. 

This same  pattern is shown In the upper part of Figure 27.     It  Is  a dupli- 
cate of the  right-hand portion of Figure  26(b)  except that the ordlnate  Is 
given as measured on the pitch circle.     The  lower part of the  figure de- 
scribes the manner In which load  Is  transferred  from the  first  to  the 
second pair of mating teeth.    Each pair carries  the  full  load except when 
both pairs are   In contact and sharing the   load.    When the  second pair of 
teeth comes  Into contact,   the  load on the  first pair suddenly drops off  to 
about 60 percent,  decreases to about 40 percent during the  load-sharing  In- 
terval,  and  then drops  to zero as  the pair of  teeth separates.     This cycle 
of variable deflection described  In the upper part of Figure  27 prevents 
the driven gear  from keeping a perfectly uniform speed relationship with 
respect to  the  driving gear.    As the  steps  In the deflection curve  are ex- 
perienced,   the  driven gear will attempt  to  Instantaneously speed up and 
slow down.     To do so.   It must overcome  the  stiffness and  Inertia of  the 
gears and other components In the drive  system.     The result  Is  the  excita- 
tion of vibration Into  this system.     The  fundamental frequency of  this  vi- 
bration will be  the  frequency corresponding to  the deflection curve  cycle, 
that Is,   the  tooth meshing frequency.     Because  the deflection curve  shows 
sharp changes.   In practice not so sharp as  shown In the plotted curves but 
nevertheless abrupt,   the excitation will  also  Include components of higher 
harmonics.     These harmonics are evaluated  In the  computer program by means 
of a Fourier analysis,   so that the  total excitation Is expressed  In a 
series of sine  and cosine curves related  In phase with the pitch point as  a 
reference. 

The deflection curves discussed above were based on perfect  Involute  teeth 
with no profile  deviations, either in design or  in manufacturing."    The  in- 
troduction of any such changes  in the  tooth profile will require  a new 
curve  to describe  the  variability of rotation of  the driven gear  relative 
to the driving. 

Some of the  gears  in the 'JH-1D gearbox have been designed with  teeth pro- 
files which are not true  Involutes.     The  specified profiles  for  sun and  ring 
gears have  been modified so that  the  trace  of a profile measurement will be 
inclined rather  than a parallel straight   line.     Figures 28 and  29  give  pro- 
file data for the sun and ring gears respectively.    The dotted  line  in the 
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upper plot of each figure  shows  the design profile as an Inclined  line, 
while the dotted line  In the center plot of each figure shows  the  true 
Involute  profile  as a parallel  line. 

The effect of this design modification is  illustrated  in Figure 30.     By 
comparing  the pulsation curve  for  the design profile with  that of  the  true 
involute  profile  in Figure  27,   it  is  seen that the profile modification has 
reduced  the abrupt step as  the second pair comes into contact,  but has in- 
creased  the  step as the  first pair goes out of contact.     The   load  transfer 
c  rve  in Figure  30 shows how the design profile  results  in  the  first 
pair's  carrying most of  the   load until  it goes out of mesh. 

"Other  types  el  profile modifications may be made part of  the  gear design. 
One  such modification,  designed  to  reduce gear excitation,   will be  discus- 
sed  in a  later section of  the  report. 

Deviations  from a true  involute profile as actually found  in gears also in- 
clude   the  effects of manufacturing errora.     Measured profiles   show point-to- 
point  irregularities as well as more extended deviatiotij  from the  ideal 
design profile.    As  long as  these  deviations remain within  the  toleiance 
band normally specified with the  design profile,   the  gear will be  accepted 
for use.     However,  these  deviations,   very often repeated  from tooth  to 
tooih,   influence  the gear mesh pulsation effect and hence  the  gear excita- 
tion. 

Actual profile measurements are  shown in Figures  31,   32,  end  33.     For one 
profile   in each of  the   first  two  sets of    urves,  point-by-point deviations 
from a parallel  line,  or  true   involute profile,  have  been measured  using 
the  pitch  point  as  the   zero deviation.     (The  third  set of   curves,   taken 
from a planet  gear,   are  already so  close  to a true   involute   that  the  de- 
viations havai been neglected  in  the   calculations used   in  the   illustrations 
in this  report.)     These  point-by-point deviations have  been  plotted  along- 
side   the  design  profile  curves  in Figures  28 and  29.     These  measured  pro- 
files  show both  types of profile  deviations:     the extended  deviations  in 
the  case  of  the  sun gear   in Figure   28 and  the  point-by-point  deviations 
around   the  design profile   in the  case  of  the  ring gear  in Figure  29.     In 
both  figures,   the manufacturing trror,   taken as  the  point-by-point dif- 
ference  between  the measured and design profiles,  has  also  been plotted as 
it would  appear  if  superimposed on  a  true  profile. 

The   gear excitation computer program  includes  the effects  of   the manufac- 
turing errors of both meshing gears  along with any profile  design modifi- 
cations  in calculating pulsation and   load  transfer curves.     As an illus- 
tration.   Figure   30 shows   these  curves   for  the measured profile  of  the  sun 
gear.     When  this  pulsation  curve   is  compared  to  that   for  the  design profile, 
the  small  contribution of manufacturing errors as compared  to  gear deflec- 
tion  is   recognized.     This minor effect of manufacturing errors  is  seen 
again when   the  magnitudes  of  the  computed excitation components  for  the  two 
profiles  are  compared.     Table V gives  these magnitudes  for   the   fundamental 
and  first   two harmonics  resulting  from the  design and measured  profiles  for 
the  case  of   the  upper sun driving  the  planet  and  the  case  of  the  upper 
planet driving the  ring.     With  the   former case,   the effect of manufacturing 
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Figure 31. Gear Tooth Profile Measurements on the Sun Gear 

© (@ ih^Jirl 

Figure 32. Gear Tooth Profile Measurements on the Ring Gear 
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Figure 33.     Gear Tooth Profile Measurements on  the 
Planet Gear. 
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TABLE V.  COMPARISON OF GEAR EXCITATION - 
EFFECT OF MANUFACTURING PROFILE ERROR 

Upper sun driving planet at 85X rated load 

Excitation with Design Profile - mile 

(Case 101)- no manufacturing error 

Fund. 

.160 

2nd Harm. 

.070 

3rd Harm. 

.043 

Excitation with Measured Profile - mils 

(Case 103)- with manufacturing error 

.174 .088 .057 

Effect of Manufacturing Error on Noise Level 0.7 db 2.0 db 2.4 db 

Upper planet driving ring at 85%  rated load 

Excitation with Design Profile - mils .161 .053 .041 

(Case 301)- no manufacturing error 

Excitation with Measured Profile - mils .156 .05A .048 

(Case 303)- with manufacturing error 

Effect of Manufacturing Error on Noise Level -0.3 db 0.2 db 1.4 db 

Note: The excitation amplitudes given in this table are the resultant« of the sin« 

and cosine components for each hanonlc.  These resultants do not reflect 

the phasn shift for each harmonic which may accompany the changed profile. 

The nols'; level changes are based on the assumption that each excitation 

component acts alone to excite dynamic forces and noise.   In the planetary 

stages, excitation from sun and ring gear meshes Interact and effective noise 

changes may not correspond to those shown in the table. 
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error on noise  level is very small at  Che fundamental and reaches a maximum 
of a 2.4-db noise Increase at the  third harmonic.    In the case of the ring 
gear and planet, where  the manufacturing error showed only point-to-point 
variation about the design profile,   the effect on noise  level is even 
smaller,  showing a maximum of 1.4 db at  the third harmonic. 

The gear excitation computer program may also be used  to study the  influ- 
ence of any other gear design or operating parameter.    As an illustration, 
the effect of gear loading on the upper sun and planet gearing has been 
examined.     Figure 34 shows  the  pulsation curves  for four load conditions 
ranging from 45 percent  to 105 percent of rated gearbox load.     The  gear 
tooth profiles used are  the design profiles,  that is,   inclined  involute on 
the sun and  true  Involute on the planet.     This figure  shows how the pulsa- 
tions are  increased as the  load increases.    Table VI gives  the  individual 
components of the gear excitation for both the sun-planet and planet-ring 
cases with design profiles.     Increasing  load brings up the excitation 
amplitude  for all harmonics.    Relative noise  levels based on these ampli- 
tudes also increase with  load,  but not necessarily by a uniform amount. 
In the case of the planet-ring combination,  load change  from 45 percent to 
105 percent of rated load will  increare  the noise  level by 6.6 db  in the 
fundamental component and by 6.9 db in the third harmonic component, but 
only by 4.2 db  in the second harmonic component. 

When the practical gear is considered,   the manufacturing error present will 
take an added significance as  tie  gear  tooth deflection decreases with de- 
creased  load.    At  low loads,   this manufacturing error will be  the major 
source of gear excitation and no.lse,  and  further  load  reduction will have 
little benefit  in reducing noise.     Table  VI shows  this  for the  sun-planet 
mesh.    Dropping the  load  from 85 percent  to 1 percent of rated  load drops 
the noise  level  less than 10 db. 

Excitation components were computed for  the conditions matching those 
under which  in-flight noise measurements were made.     These are  tabulated 
in Table VII.     The profiles used in the  computation were  taken from one of 
the measured profiles available  for each  type of gear.     The  loads  used 
were  those  corresponding to the 85 percent of rated  load observed during 
the cruise  flight condition.    Gear design data were taken from manufac- 
turing drawings. 

Since  the computer program treats only spur gears,  calculations  for the 
spiral bevel gears  involved a series of approximations.    First of all,  the 
bevel configuration was converted  to an approximately equivalent parallel 
axis gear configuration using Tregold's approximation.     Second,   the  spiral 
feature,  already converted into an equivalent helical  feature,  was  further 
reduced to an equivalent  spur gear set.     The spur tooth proportions,   taken 
from the normal plane of  the helical  set,  were used by the computer program 
to get  tooth deflections.     The  fundamental of the mesh pulsations was esti- 
mated  from these deflections after  taking  into account  that  load  is  shared 
by two or  three  pairs.    No attempt was made  to estimate  the higher har- 
monic components  for several  reasons.     The  approximations made  in con- 
verting t.ie  spiral bevel gears  into equivalent spur gears  lose  their 
relevancy if  the  program is  to be used  to  find higher harmonics  in  the 
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TABLE VI.    COMPARISON OF GEAR EXCITATION 
EFFECT OF OPERATING LOAD 

Fund. 

Upptr Sun Drlvin« Plantt 
-with d«tl«n profllci 

45X rated load (caae 104) 

65X rated load (caac 105) 

85X rated load (caae 101) 

10SX rated load (caae 106) 

Upper Planet Drlvln£ Ring 
-with dealan profllea 

45X rated load (caae 304) 

65X rated load (caae 30 5) 

85X rated load (caae 301) 

105X rated load (case 306) 

Uppar Sun Driving Planet 
-with aeaaured profile 

85X rated load (case 103) 

IX rated load (case 114) 

Anpl'- 
tude 

Relativ« 
Nolae 
Level 

095 mil -4.5 db 

126 

160 

192 

090 mil 

125 

161 

195 

174 mil 

081 

-i.l 

0 

1.6 

-5.0 db 

-2.2 

0 

1.6 

0 db 

-6.6 

2nd Harm. 

Amp 11- 
tude 

,048 ni 

,058 

,070 

082 

038 mi] 

045 

053 

061 

083 mil 

044 

Relativ« 
Nolae 
Level 

Ampli- 
tude 

-3.3 dt 

-1.6 

0 

1.4 

-2.9 db 

-1.4 

0 

1.2 

0  db 

-6.0 

3rd Harm. 

Relativ 
Noiae 
Level 

031 mil 

,036 

043 

049 

023 mi 

301 

041 

051 

057 nil 

023 

■2.8 db 

•1.6 

0 

1.1 

-5.0 dt 

-2.4 

0 

1.9 

0 aim 

-7.9 

Not«: The excitation amplitudes given in this table are the resultants of the aine and 

cosine components for each harmonic.  Theae resultants do not reflect the phase 

shift for each harmonic which may accompany the changed load. 

The noise level changed are based on the assumption that each excitation 

component acts alone to excite dynamic forcea and noise.  In the planetary 

atagea, excitation from sun and ring gear meshes interact and effective 

nolae changes My not correspond to those shown in the table. 
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mesh pulsation curves.     Tooth profile information could not be obtained 
because profile measurements on spiral bevel teeth cannot be made with 
commercial inspection equipment.    The true  action between bevel gears  is 
very much Influenced by assembly dimensions,   and  this variable cannot be 
treated in the present gear excitation analysis.    Furthermore,  the multi- 
pair  load sharing and the spiral gear action tend to eliminate the abrupt 
load transfer and associated abrupt change  in tooth deflections which are 
present in spur gears.    The smoother action gives a mesh pulsation curve 
closer to a sine wave  than to a square wave.    Hence,  the higher harmonics, 
especially the second harmonic, will be  less prominent.    This reduced 
significance of the second harmonic of the bevel set was recognized in the 
narrow-band noise analysis,  Figure  12, 

DYNAMIC FORCE ANALYSIS 

The  typical study of the helicopter drive as a torslonally vibrating system 
has as  its objective  the determination of critical  speeds and vibration 
modes,  especially at  the   low frequencies associated with rotor rotation or 
similar excitation sources   (see  Reference 9).     In such studies,  practical 
considerations result  in  the neglecting of  Inertias and compliances of 
Internal gearbox components,   a simplification which does not Introduce  any 
major error in the results required.    However, when the drive system is  to 
be  studied for torsional vibration in the  range of frequencies associated 
with gear noise,   the analysis must be more  sophisticated.     The inertias 
and compliances of internal components must be  Included,  especially the 
Inertias of the  gear bodies and  the compliances of  the gear teeth.     Further- 
more,   the exact dynamics of the  planetary stages must also be considered. 
The new torsional vibration computer program contains  these elements and, 
when applied to the helicopter drive system,  begins  to reveal the great 
complexity of the system,  especially in the  gearbox portions.    Some of this 
complexity is observed in Figure 35.    This  is a frequency plot of the  un- 
damped dynamic  forces developed at the bevel gear mesh by a unit displace- 
ment excitation Introduced at  the same point.     This plot shows many 
critical speeds in the  frequency range of from 300  to 3000 Hz.    At fre- 
quencies above  this range,   the  critical speeds are even more closely spaced, 
and  the computer program as presently applied  is  unable  to give a clear 
description of response  characteristics.    This   limitation does not parti- 
cularly handicap the noise   level calculation.     The   frequency range  below 
3000 Hz contains all  the  gear excitation frequencies except  the higher 
harmonics of the bevel gear set.    As explained earlier,   the excitation mag- 
nitude of these higher harmonics cannot be properly evaluated by the present 
gear excitation program because of the spiral character of the bevel gears. 
If the gear excitation program is extended to helical gears, however,   the 
torsional vibration program will have  to be  revised  to handle the higher 
frequencies. 

Figure 33 flhows  the dynamic  force going to infinite values at the critical 
speeds and also dropping to zero at those frequencies at which vibration 
absorption is taking place.     The bevel gear excitation frequency in the 
test helicopter gearbox is at about 3000 Hz and  falls at neither of these 
two conditions.     It  is therefore  possible to accept  the calculated dynamic 
force  as a reasonable measure of  the  force actually existing in the gearbox 
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under the specified conditions.    Dynamic forces  from excitations whose  fre- 
quencies are closer to  the  Infinite or zero response  points cannot be as 
reliably evaluated.    Actual  conditions in the drive  system,  specifically 
damping,  prevent  the   infinite or zero response.     Because  the computer pro- 
gram permitted the  introduction of damping at  the bearings,  this kind of 
Influence was investigated.     It was found that damping at these  locations 
had an insignificant effect,  even at  the  frequencies close  to  the critical 
speeds.    Further consideration of the dynamics of the  gearbox system indi- 
cated that the response at  this gear excitation frequency range  is domina- 
ted by the conditions  in effect at or near the gear mesh points.    These 
conditions include  the gear  teeth compliance  and  the  gear body inertia and, 
very likely,  also  the gear  teeth damping.     Since  the  computer program,  as 
explained earlier, was not written to include this factor,  it could not be 
investigated.     If gearboxes  are operated with gear excitation frequencies 
near the critical speeds of  the system,  proper evaluation of the dynamic 
forces will require extension of the  torslonal vibration computer program 
to handle gear mesh damping. 

| 
The complexity of the torsionaJ system is even more pronounced when the 
planetary stations are considered. While a simple gear set has only one 
meshing point associated with a particular excitation frequency, the 
planetary gearing has many.  This plurality of excitations is due first to 
the number of planets and second to the meshing of each planet on both the 
sun and the ring gears.  The multiple excitations introduce special pro- 
blems. Although uniform magnitude of excitation has been assumed for all 
the meshing points around the sun, the phase relationship among these ex- 
citations is not necessarily 'Jentical.  The actual phase relationship is 
determined by the relationship between the number of teeth on the sun 
gear, the number of planets, and the order of the harmonic. Only if the 
product of the number of teeth and Che order of the harmonic is an exact 
multiple of thii  number of planets will the particular excitation be 
synchronized among the planets. When this Is the case, the main tor- 
slonal vibration computer program sums up the individual excitations and 
computes the combined dynamic forces. Under these conditions, the dynamic 
response within the planetary system can be influenced by such variables as 
the elastic compliance of the ring gear support or the elastic compliance 
of the planet carrier with respect to the output shafting or to changes in 
the adjacent portions of the overall drive system. 

This system of synchronous excitation, however. Is not the typical situ- 
ation in planetary designs.  Most often the number of sun gear teeth is 
intentionally selected so as noi to have a coinnon factor with the number 
of planets.  In such a case, there will be no synchronous excitation among 
the planets until an order of the harmonic equal to the number of planets 
is reached. For example, in the lower planetary stage of the test heli- 
copter gearbox, the number of teeth on the sun is 57 and the number of 
planets is 4.  For the fundamental and second and third harmonics, the pro- 
duct of the numoer of teeth on the sun and the order of rhe harmonic is 
not an exact multiple of the number of planets.  As a result, the excita- 
tion among the planets is not synchronous.  Instead, the phase relation- 
ship is such that any impulse applied to the sun at one planet will be 
exactly countered by an identical Impulse at the diametrically opposite 
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planet,   at  least as  long as excitations of uniform magnitude are  assumed. 
These phased excitations,   fully balanced,  cannot excite  vibration of  those 
system elements which are  acted on by all planets simultaneously,  elements 
such as  the ring gear,   the  sun gear,   the  planet carrier,   and elernei-.s of 
the drive  system external to  the  planetary stage.     The vibration which is 
excited under  those conditions  is of the  individual planets vibracing 
against  the compliant restraints of the meshing gear teeth and  the planet 
bearing.    At each planet,  excitation will be introduced at both  the sun- 
planet mesh and  the planet-ring mesh.     Excitation at either point will 
develop tooth forces at both points.     The resultant dynamic  tooth  forces 
will be determined by the combination of the two excitations. 

This condition of nonsynchronous excitation of the planets  is analyzed by 
the  auxiliary vibration computer program.    Response curves calculated by 
this program are  shown in Figures  36,   37,   38,  and 39.     For each of  these 
curves,   a unit excitation was applied  at only one of the  excitation points 
on the planet.     Only when a particular  relationship between  the  excita- 
tions at  the  sun and at  the  ring  is  assume!    can  the  combined effect be 
shown. 

All of  these  figures show a coratnon patter ly constant  response at 
the   lowest frequencies which  falls off  to iponse  at some  inter- 
mediate  frequency and which goes on at hlgu unties  to give  two 
critical speed    conditions.     The  response curves  »at the   two mesh points 
as caused by the same excitation are  similar,  but not  Identical.     The 
first zero response frequencies  for  the  two curves differ somewhat,  but 
the  infinite response frequencies are  the same.    Within one planetary 
stage,  these infinite response  frequencies are  the same,  regardless of the 
point at which the excitation is applied. 

The vibration computer programs have  been applied to  the   test helicopter 
drive  system uoing dimensional data taken from design drawings.     The pre- 
viously calculated gear excitations,   listed in Table VII,  have  been intro- 
duced.     The  calculated dynamic  tooth  forces are  tabulated  in Table VIII. 
The  static  tooth forces  for  the  particular flight condition have been in- 
cluded.     They show,   in every case,   that  the dynamic  forces are well below 
the   level to cause  tooth separation. 

One value  in this table stands out as especially noteworthy.     This Is the 
high force for  the second harmonic of  the  lower planetary planet-ring 
mesh.     The explanation for the high value  lies  in the closeness of the 
excitation frequency of 3964 Hz  to the  critical speed,  or resonant  fre- 
quency,  of about 4200 Hz,  shown  in Figures 38 and 39. 

NOISE  LEVEL ANALYSIS 

This final step in the noise, calculation procedure is least supported by 
established and well accepted analytical methods. Justification for the 
validity of the calculation is more empirical in nature than analytical. 
Son» of this empirical basis has been derived from the limited amount of 
testing performed.    The  selection of  gear excitation  frequencies has been 
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quite well substantiaced by the  noise measurements.    The  direct  relation- 
ship between the  vibration of the casing and  the noise  levels  adjacent  to 
the  gearbox has been confirmed by the  in-flight  vibration measurements. 
The  almost uniform casing response  characteristics,  except at  the   lower 
gear excitation  frequencies,  were demonstrated by the casing resonance 
tests.    Other simplifying assumptions  in  the  noise  level  analysis have  not 
been individually verified by experiment or observation.     Hence,   justifi- 
cation for  this new analytical  tool must  rest   largely on a comparison of 
the  final predicted noise  levels and  those measured  in the aircraft. 

The excitation and dynamic   fjree  values   listed   in Tables VII  and  VIII were 
combined with  the   relevant   factors  as explained  and  illustrated   in 
Appendix VI.     This  gave  predicted noise   levels  for each of  the  gear exci- 
tation  frequencies  studied.    These   frequencies   fell  in the  range   of  about 
600  to 6000  Hz.     The higher harmonics of   the   bevel gear excitation had   to 
be omitted because  of  the   limitations  in  the   analytical  tools   in  their 
present  state of development.     The  resulting noise  It/els have been 
plotted  in Figure  40,  which,   like most  of  the  noise   level  plots  in  this 
report,   is on a  third-octave band  frequency  scale.    Of the eleven bands   in 
the  range of   frequencies  shown,   the   six "peak"  bands contain at   least  one 
of the excitation frequencies.     These discrete  frequency noise components, 
as explained earlier,would establish  the   third-octave band  levels  even  in 
an actual  system with  lower level random noise  present.     The  five 
"valleys"  in  the   plot were derived  from the  characteristics of a  typical 
third-octave  noise   level analyzer.     If  it   is  assumed that  the only noise 
present  is at  the  gear excitation  frequencies,   and if such an analyzer were 
set at  a band which did not contain any of   these  excitation  frequencies,   it 
would nevertheless  record some   low noise   level.    As explained  in an 
earlier description of noise  level plots,   the   imperfect signal  filters  in 
the  analyzer would  simply pass  some  of  the   signal  from the  noise   frequencies 
in the  adjoining bands.     Under  the  actual  conditions of random noise,   these 
"valleys" would  be   raised,  but would  tend   to  stay below the  adjacent  peaks. 
Therefore,   in  interpreting the noise   level  plot  in Figure 40,   the 
"valleys"  should  be   recognized as  an artificial means of helping  to  show 
the  "peaks",   and  attention  should be  directed  only at these  "peaks". 

The measured noise   levels  shown  in Figure  40  are   in the   form of  two  curves 
giving  the maximum and minimum  levels measured  at each  frequency   for   the 
three aircraft  studied.     The double  curve   is   really an envelope of  the 
three  individual  noise   level curves  of Figures   5,  6,  and  7.     This  envelope 
conveys  a measure  of  the  variability of noise   levels among aircraft  and 
permits consideration of  this variability  in evaluating the  comparison with 
the calculated  results. 

The  two  sets  of  results,  measured and  calculated,   show rather  good  corre- 
lation.     The   three   items of difference which  do  appear readily suggest  ex- 
planations.     The most  apparent difference   is   the  high calculated noise 
level in the  640  Hz band.     The  analytical  procedure  assumed uniform gear- 
box casing  response   for  all gear excitation   frequencies,   but  the  measured 
response was  actually uniform only at  frequencies  above  about  2000  Hz  and 
was decidedly  lower  at 640 Hz.     This discrepancy  at  the   lowest  frequency 
therefore   indicates   that a more   --^vanced  analysis  should  give   some 
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consideration to this varying casing response. The second discrepancy 
worth noting is the somewhat lower overall level of the calculated values 
as compared to the measured values.  This may be attributed to the sound 
reinforcement or reverberations in the enclosure surrounding the gearbox. 
The noise analysis assumes a "free field" noise radiation.  This overall 
difference between the two curves is almost independent of frequency; 
therefore, 4.t appears possible that this environmental factor can be 
accommodated in the analysis by an additional constant factor.  The third 
item which attracts attention is more the difference between the two 
measured noise curves than it is the difference between measured and cal- 
culated curves.  The noise levels in the 3200 Hz band resulted from the 
fundamental component of the bevel gear excitation.  ihe unusually wide 
range between the maximum and miaimum measured noisf levels indicates that 
this excitation component is particularly variable, which is not too 
surprising for spiral bevel gears with all their additional elements of 
variability.  The calculated level for this excitation, it should also be 
recalled, is based on an approximation necessitated by the limitations of 
the present gear excitation analysis.  Since this bevel gear excitation 
may in some cases be an overriding factor in gear noise, an extended 
analysis which would better treat this source would be expecially 
valuable. 

These differences between measured and calculated noise levels do not 
weaken the validity of the new analytical tools.  Instead, they demon- 
strate how the analysis developed in this study can serve as a foundation 
on which to build more comprehensive and more detailed analytical methods 
for noise study. 
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MODIFICATIONS FOR NOISE REDUCTION 

INTRODUCTION 

The primary effort  in this  study has been directed  toward developing and 
testing analytical   tools   for investigating the elements which contribute  to 
helicopter gearbox noise.     These tools have been made sufficiently general 
that they can be used for analytically evaluating a wide range of noise re- 
duction measures.     This  includes most of the  proposed design changes de- 
scribed in the noise control  literature   (References 6,  7 and  10),  which up 
to now could be evaluated only experimentally.     These changes which may be 
evaluated by the new analytical methods  incluc'j: 

Increase of contact  ratio 
Reduction of pitch 
Reduction of pressure angle 
Modification of tooth profile 
Improvement of tooth profile accuracy 
Increase of recess action 
Tooth impulse  phasing 
Introduction of torsional discs 
Torsional   isolation of ring gear 

A comprehensive evaluation of all these ncise reduction concepts,  even  if 
limited to a single   set of operating conditions,  would require  an effort 
beyond the  limits of this  program.     In place  of a complete study,   a few of 
these have been subjected  to some investigation,  as much for the purpose 
of illustrating tne  special capabilities of the new analytical tools as  for 
the purpose of demonstrating the promise  these  items hold as noise  reduc- 
tion measures.     It must be emphasized,  however,   that none of the modifi- 
cations studied,  even those   that showed  the  greatest promise,  were 
thoroughly pursued  to bring out the  full  potential   in  them.     (This will 
hav>  to be part of a separate,  and more  systematic,   investigation.) 

The modifications considered fell within both  the  gear excitation and  the 
dynamic force areas  of noise production.     These are described along with 
sufficient calculated results  to give  a quantitative  character  to  the  pre- 
dicted benefits.     Because   the program,  both experimentally and analytical- 
ly,   took into account  the   role of the gearbox casing,   some consideration 
was also given  co possible modifications  in this area.     The empirical 
nature of that portion of  the analysis dealing with  these factors prevented 
any kind of quantitative evaluation of possible noise  reduction.     Therefore, 
when this area  is discussed,   the suggestions will  be  presented without 
data, which will have  to come  from experimental work or,  perhaps even 
better,  from more extensive  analytical studies. 

GEAR TOOTH MODIFICATIONS 

Examination of gear mesh pulsation curves, such as in Figure 27, reveals 
that the steps in the curves are the major culprits it; producing all the 
gear excitation components  from any pair of gears.     The  ideal curve would 
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be  a horizontal straight  line  signifying no pulsations  and,  hence, no exci- 
tation.     There appears  to be  no practical way to achieve  this ultimate,  but 
there  are ways to make  substantial  improvement.     The  two  to be described 
involve means of "smoothing out"  the  abrupt steps  in the  curves and means 
of bringing the high and  low points  in the curves  closer  together. 

An often-suggested method  is  the use of modified profiles.    Theoretically, 
it  should be possible  to  add material  to the  tooth profile  to compensate 
exactly for  the displacement of the  profile  that  takes  place because of the 
deflection of the  tooth under a specific  load.     But  since  the  displacement 
characteristic has  the  rather abrupt  step at  two points,   it would take a 
profile with a corresponding pair of steps  to provide exact compensation. 
Unless  Ihese  profile  steps were perfectly positioned  to  synchronize with 
the   load  transfer positions,   they could Introduce  a worse excitation char- 
acteristic.     Other practical  problems  associated with  such profile steps 
could come  up in their manufacture  and  in their effect on the   lubrication 
process between the  teeth.     For these  reasons,  another  type of profile 
modification  Is proposed,  one which will smooth out  the  step  rather than 
eliminate   it. 

The  dotted  lines on the   lower  scales of Figures 28 and  29 show a  first at- 
tempt at designing such a new profile modification  for upper  sun-planet 
mesh and upper planet-ring mesh respectively.    These  curves,   in greatly 
exaggerated  scale,  show a ramp effect which acts  to  smoothen out  the  load 
transfer and  thereby reduce  the  abruptness of the  pulsation curve.    The 
figures  imply a double "hump"  on each  tooth  flank,  one   inside  and one out- 
side   the  pitch circle.     However,   it may also be  possible   to divide  this 
modification between the  planet and  its mating gear so   that each has only 
one  of  the  humps. 

Before   the  potential benefit   to be   gained by such profile modifications  is 
examined,   it  is necessary  to  consider also  the  rele  of  profile manufactur- 
ing error.     Any modification which  gave  improvement only when made without 
error would be of no value.     To  simulate  the error which might be  associ- 
ated with  such a profile,   the measured polnt-by-point  deviations  from the 
design profile of each of  the   two  gears,   sun and  ring,   were  simply added  to 
the  proposed modified profiles.     The  rejulting "as-manufactured" modified 
profiles  are  also shown  in Figures   28 and  29.     In Figure   30,   the effect of 
these  profiles  in the  upper  sun-planet mesh is shown.     The pulsation curve 
is  considerably smoother  than  the  other profiles  shown.     The  benefit of  the 
modification  is more effectively shown  in  the  load  transfer curve  in 
Figure  30.     An almost  smooth   transition of   load  is  demonstrated.     Because 
the  degree  of modification was not exactly matched   to  the   load  condition 
used,   some  abruptness  still  remains   in both curves.     The  quantitative dif- 
ferences   in excitation values  and  resulting noise   levels between the pre- 
sent measured profiles  and  the  proposed modified profiles are   given in 
Table   IX.     The  specific modifications under  the  particular  load  conditions 
do not benefit  the  fundamental noise components;   in  fact,   in one  case,   the 
level   Is   increased.     The   real benefits  show up  in  the   second  and even  in 
the   third  harmonics.     More  careful  design of  the modifications would  likely 
give  even  greater benefits. 



TABLE IX.  COMPARISON OF GEAR EXCITATION - 
EFFECT OF NEW MODIFIED PROFILE 

Fundaments 1 
Second 
Harmonic 

Third 
Harmonic 

Upper Sun Driving Planet at 85% Rated Load 

Excitation with Measured Profile - mil .174 .088 .057 

(Cats 103) - with manufacturing error 

Excitation with New Modified Profile 

- mil 
.189 .013 .043 

(Case 110) - with Manufacturing error 
superimposed 

Effect of New Profile Modification on 
Noise 

+ 7 db -16.6 db -2.4 db 

Upper Planet Driving Ring at 857, Rated Load 

.156 .0 54 .048 Excitation with Measured Profile - mil 

(Case 303) - with manufacturing error 

Excltstion with New Modifitd Profile 
- mil 

.218 .015 .016 

(Case 310) - with manufacturing error 
superimposed 

Effect of New Profile Modification on 
Noise 

+2.9 db -11.1 db -9.6 db 

Note: The excitation amplitudes given in this table are the resultants 
and cosine components for each harmonic.  These resultants do not 
the phase shift for each harmonic which may accompap  the changed 

of the sine 
reflect 
profile. 

The noise level changes are based on the < sumption that each exc 
component acts alone to excite dynamic forces and noise.  In the 
stages, excitation from sun and ring gear meshes interact and eff 
noise changes may not correspond to those shown in the table. 

itation 
planetary 
ective 

76 



Since  the  degree of profile modification  is based on the  gear  tooth deflec- 
tion,  which  is   In turn based on  the   load  transmitted,   the  effect of  load  on 
the modification benefits must be  examined.       Results of  such  load varia- 
tions  are   shown  in Table  X.     This may be  compared with Table  VI,  where  sim- 
ilar  load  variations  and  their effect on excitation  levels   in  the  case of 
the  design  profiles are  given.     The modified profile,   very much   like  the 
standard  profile,  has  a  reduction   in  fundamental  and  third harmonic exci- 
tation as   load  is  reduced.     However,   in  the  case  of  the   second harmonic, 
the  new modified profiles  give  excitation  level  reductions,   and major re- 
ductions  at   that,  when  the   load   is   increased,   in contract   to  the  opposite 
for  the   standard profile.     This  comparison demonstrates   some  of  the  promise 
to be   found  in  this profile modification approach.       Furthermore,   this  in- 
vestigation of  changing profiles   shows  the  usefulness of   the  gear excita- 
tion  program. 

The   second  approach  to  gear excitation reduction  to be mentioned   is ^ne 
which brings  together  the  high  and   low points  in  the  pulsation curve  and 
at   the   same   time  provides  some   r-.oothing of abrupt  steps   in  the  curve. 
These  benefits will  be   realized  as   the number of pairs of   teeth  in contact 
is   increased  from the  present one   and  two  to a preferable   two and  three. 
This  can only be  accomplished   if helical  gears  are  used   in place  of spur 
gears.     Although  the existing gear excitation program does  not   treat 
helical   gears,   some estimate  of   improvement  can be  made,   particularly for 
the  case  of  the   fundamental  noise   component.     In  the  case  of  spur  gears, 
the  pulsation curve has  steps which correspond  to   the  difference between 
the  tooth  deflection under   full   load  and   tooth deflection under half  load, 
or what night be  called one-half   load  tooth deflection.     In  the  case of 
helical   gears with  two  and   three  pairs  stressing   load,   the   pulsation curve 
would  have   steps  corresponding  to   the difference  between  a one-half  load 
tooth  deflection and  a one-third   load  tooth deflection,   or  a cne-sixth  load 
tooth  deflectici.     This   ircprovement   from one-half   for  the   sjur  to one-sixth 
for   the  heliral  glv^s  a  ratio of  one   to  three,  or  a change  of 9.5 db.    A 
suitable  design of  the helical  gear would  go  far  in making  the   gear mesh 
pulsation  curve  resemble  a  sine  wave more   than  the   square-wave  of  the  spur 
gear.     Such  a change   in wave  shape  would materially  reduce   the   second har- 
monic  over and  above   the  9.5 db  associated with  the  compressed  pulsation 
amplitude. 

The  benefits   inherent   in  the  helical  gear approach emphasize  the  need  for, 
and  value  of,   extending  the   gear  excitation analysis  to helical  gears.     Not 
only could   the  exacc   improvement  be  evaluated,  but   the  optimum design would 
be  more   easily  arrived   at. 

DRIVE   SYSTEM MODIFICATION 

There  are   two ways   in which   the  drive  system can  influence   the   level of 
dynamic   forces  resulting  from a  particular  set of  gear excitations.    When 
there   is more   than one  point  at  which excitation of  a certain  frequency  is 
introduced,   the  system design can determine   the extent   to which   the  several 
excitations  combine or cancel each  other.     This   is  cctnmonly  referred  to  as 
tooth   impulse  phasing.     The  other  system  influence   is  through  the  vibration 
response  or  dugree  of  vibration amplification which  results   from the 
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TABLE  X.     COMPARISON OF GEAR EXCITATION  - 
EFFECT OF OPERATING LOAD WITH NEW MODIFIED PROFILE 

Fundamenta 1 Second  Harmonic Third  H.irmonic 

Amp 1 i - 
tude 

Re lat ive 
Noise 
Level 

Amp1i- 
tude 

le lat ive 
Noise 
Level 

Amp 1i - 
t ude 

^e 1 ill ive 
Noi se 
Level 

Upper  Sun  DrivinK  Planet 
-   new mod.   prof,   with  mfg. 

error 

457, rated   load   (Case   111) .127  mil -3.3  db .043  mil +10.4db .035mil - 1 .8db 

657. rated   load   (Case   112) .155 -1.7 .026 + 6.0 .03 7 -1.3 

857. rated   load   (Case   110) .189 0 .013 0 .043 0 

1057. rated   load   (Case   113) .222 + 1.4 .00 5 -   8.3 .049 + 1 .2 

Upper  Planet   DrlvinR  Ring 
-  new mod.   prof,   with mf«. 

error 

457. rated   load   (Case  311) .147  mil -3.4  db .033  mil + 6.4db .013mil + 1 .2db 

657. rated   load   (Case   312) .182 -1.6 .023 +  3.7 009 -5.0 

857. rated   load   (Case   310) .218 0 .015 0 .0 16 0 

1057. rated   lojd   (Case   313) .2 54 + 1.3 .009 -   4.2 .026 +2.1 

Note:     The  excitation  amplitudes  given   in   this   table   are   the   resultants   of   the   sine 
and  cosine  components   for  each harmonic.   These   resultants  do not   rellect   the 
phase   shift   for   each  harmonic which  may  accompany   the  changed   load. 

The  noise  level  changes  are based on  the  assumption   that  each excitation 
component  acts  alone   to  excite  dynamic   forces  and  noise.     In  the  planetary 
stages,   excitation   from  sun  and  ring  gear  meshes   interact  and effective 
noise   changes  may  not   correspond   to  those   shown   in   tne   table. 
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resonance  conditions   in  the  system.     Vibration and noise   reduction  then be- 
comes  possible by control of  these   two influences.     An  illustration of re- 
duction  in each of   these   respects   is  given below. 

Each  planetary stage  consists of  several vibrational  Tub systems,  each made 
up of   the  sun gear,   a  single  planet  gear,   the   ring gear,   and  the planet 
support  in  the carrier.        ihe   flexible connections  between  the   inertias  are 
fairly well  concentrated  in  the   two  gear meshes  and   in  the  bearing support- 
ing  the  planet.     Each of  these   subsystems has   two  points  of  gear excita- 
tion:     at  the  sun-planet mesh  and  at  the planet-ring mesh.     It  is  the   sum 
of  these  excitations which  tends   to  vibrate   the   planet   in  its  support,   and 
it  is   the  reaction to   this  vibration which  seti,  up  the  dynamic   forces   in 
the meshing gear  teeth.     It   is   the  phasing   of  these   two excitations which 
is   to be  considered. 

In  the  gearbox under  study,   the   planet gears have  been designed with  an 
odd number of teeth.     The  effect  of  this on  the  excitation phasing  is 
shown with  the aid  of Figure 41.     The  planet with odd-numbered  teeth,   on 
the   left,  has been drawn with  the   sun-planet mesh at  the  pitch points  of 
tne   two  gear  tooth  surfaces.     The  pulsation curve  of  this mesh,   referenced 
to  the  pitch  point,   in  the   same manner as  in Figure   27,   is  given below the 
gear  sketch.     Because   the mesh  at   the  ring  gear uses   the   reverse  side  of 
the   tooth,   as shown,   this mesh will  also be   at  a Ditch  point,   neglecting 
the  effect  of backlash.     Tht  planet-ring mesh pulsation  curve   is also 
referenced   from the  p^tch  point  and   is very  similar  in  timing to  that of 
the   sun-planet.     The   stepped portions of both curves  come   fairly close  to 
each  other,  making  the  combined excitation very  close   to   the   sum of  the  two 
individual excitations.     If each of  the pulsation curves   is   resolved   into 
its  separate   former components,   the  corresponding components   for both 
curves  are  nearly  in phase  and   are  additive. 

If  the  planet gears were   changed   to have an even number of   teeth,   the  mesh 
conditions would be  as  shown on   the   right side  of Figure  41.     The  sun- 
planet mesh  is again  showp  at   the  pitch point,   but  the  planet-ring mesh  is 
now displaced  to a  positiot   corresponding to  the midpoint  between suc- 
cessive  pitch points.     The  pulsation curves  now are  related   in a new man- 
ner.     The   steps  in   the   two c irves  are  approximately opposite  each other, 
and   the  effect  tends   to  be  ono  of cancellation between  the   two excitations. 
When   the   two curves  are  now resolved  into  their  separate   former components, 
the  odd harmonics only see   the   180-degree  phase   shift  and  experience  can- 
cellation,  while  the even harmonics  still have   the  original  phase  relation- 
ship  and  remain cumulative. 

The  effectiveness  of  the  cancellation  is  therefore   seen  to be  determined by 
both  the  shapes and  the  amplitudes  at  the  two pulsation curves.    A  further 
factor   in  the cancellation effect  comes from  the  dynamics  of  the  system. 
As  seen  in a comparison  of Figures   36  and  37,   for example,   the  response of 
the  planetary subsystem  is not   identical  for  the  excitations  c.  the   two 
different meshes.     The  cancellation effect  at  the   two odd harmonics,   the 
fundamental  and  third harmonic,   is   therefore   influenced by  their particu- 
lar   frequencies  in  relation  to  the   subsystem resonances. 
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The combined effect of all of these influences for the gearbox study is 
given in Table XI. The data presented have resulted from first introducing 

« the standard excitations into their respective planetary systems and com-
puting the resulting dynamic forces at each meshing point, and then re-
peating this with the planet-ring excitations reversed in the fundamental 
and third harmonics The total of the forces at both meshes are compared 
on a db scale to give an indication of the effect on predicted noise level. 

*• Improvement by phasing shows up only in the fundamental components and is 
fairly modest. The third harmonic shows an even greater increase in noise 
level. These first-try indications, however, should not be interpreted as 
showing the limited benefits to be expected from this sun-ring excitation 
phasing. The significant point, rather, is that careful design of the 
gears is first required to give pulsation curves which will best lend them-
selves to cancellation by reversed phasing. The parameters which will have 
to be varied in such design are the relative addenda and face widths. 

The second illustration of noise reduction by drive system modification 
concerns a reduction in vibration response or free amplication. Figure 35 
shows response characteristics for the bevel set; Figures 36 through 39, 
for the planetary stages. Any shift in resonance locations relative to 
the exciting frequencies which will bring the excitation frequencies furths-
from resonant frequencies will have the effect of reducing dynamic forces 
and hence the noise levels. f>ne difficulty which becomes apparent is that 
a change which helps at one ot che noise components will not necessarilv 
help as much, or at all, at the other noise components. This can be true 
if the change is made by changing the excitation frequencies, as by going 
to a different pitch with a proportionate change in the number of teeth and 
hence the gear meshing frequency. It can also be true if the change is 
made by changing an individual system inertia or stiffness to reposition 
the resonance locations or the frequency scale of the response curves. 

An example of the la' ,-r has been calculated, with results shown in Table 
XII. For each of che planetary systems, the planet support compliance has 
been varied over a cange from approximately one-third to ten times the pre-
sent design value. The figures in the table show that the effect of the 
compliance change is uneven among the various harmonics. In the upper 
planetary system, a three-times increase in compliance reduces the predicted 
noise level of all three harmonics, but in amounts varying from 1.6 to 
7.0 db. In the lower planetary stage, a corresponding change in compliance 

• has a very different result. There is practically no change at the funda-
mental and third harmonics, and a moderate increase at the second harmonic. 

This attempt by no means exhausts the possibilities of noise reduction by 
drive system modifications. There are many other points of system response 

« modification which must be tried, individually and in combination. 

GEARBOX CASING MODIFICATIONS 

The experimental work performed on measuring gearbox casing vibration re-
sponse showed appreciable amplification over most of the range of fre-
quencies associated above 2000 Hz in contrast with the response at the 
lower frequency of 640 Hz. This suggests that there are elements 
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j                TABLE XII. COMPARISON OF PL   ;    ;   RY  DYNAMIC  FORCES  - EFFECT                  \ 
OF PLANET SUPPOJ*     ^riPLIANCE 

Engine Speed 66U0 rpm - 85% Rated Power - All 
Forces Tangential  to Pitch Circles 

Gear  Stage 
Order of 
Harmonic 

Frequency - 

1        Hi 

Planet  Support 
Complianca 

UT6 rad/ln-lb 

Forca at 
Sun-Planat 

Me ah 

Forca at 
Planet-Ring 

!         Me ah 

1     Maan Change 
In Nolaa Laval 

1           db                  \ 

Upper Planetary Fund 644 .06 467 1          468 +3.0                j 
.20 oraaant 

.60 dMi«a 

234 

86 

j          234 

88 

0                     \ 

-4.2                l| 

2.00 16 16 -U.6                | 

2nd Harm 1288 .06 188 192 +3.5               j 
.20 present 

.60 d"1«n 

83 

15 

87 

19 

0                     1 
-7.0 

2.00 21 16 -6.6                 j 

3rd Harm 1932 .06 53 58 +3.9                j 
20 present 

.60 de•lg:, 

20 

17 

25 

14 

0                     ! 
-1.6                j 

2.00 27 22 +   .4 

Lower  Planetary Fund 1982 .075 284 274 +J.7                | 

.25 praaant 
7j daalgn 

73 

92 

73 

92 

0 

+1.0 

2.5 186 181 **.o           j 

2nd Harm 3964 .075 70 88 -10.1              | 
.25 praaant 
7b daalgn 

870 

1704 

707 

1487             i 

0 

+3.0               1 
2.5 217              j 332             i +5.2               j 

3rd Haru 5946 .075 479             j 525 ♦J.6               j 
.25 preaent 
75 daalgn 

2.5                       | 

217              j 

217              | 

217             | 

34" 

340            j 

333           j 

0                   i 

0                   j 
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contributing to this differential  level of response which might be ex- 
ploited as a means of noise  control.     No attempt was made  to  Investigate 
this because  it  lay outside   the  scope of the  program.     However,  one pos- 
sible  approach is suggested by  the  test  results.     In Figures  22,  23,  and 
24,   it may be noted  that  the  vibration at each of the  non-drive  portions 
of the  casing has a frequency charar-eristic  that  is generally similar to 
the  vibration at the drive  point.     This confirms  that excitation of vi- 
bration at one  point on  the  casing  travels,  as  it were,   to  the   large  areas 
of  the  casing,  exciting them  to  similar vibration.    Any barrier to such a 
transmitted effect would materially reduce  the vibration of  the casing and 
the  noise  it  generates      The  reported benefits or ring gear isolation 
(References  7 and  10)  mig.it well be more a result of reducing  the trans- 
mission of vibration energy  generated  at  the   ring gear  to other parts of 
the  casing  than a result of  any reduction in dynamic   forces  developed  in 
the drive  system itself. 

Another aspect of gearbox casing design which  should be   considered  is   the 
mechanism whereby the mechanical energy of vibration of  the  casing is con- 
verted   into acoustic energy.     The   factor representing this  conversion  in 
the  analysis considers only the energy transfer to air  from an uncoated 
metal  body.     This  leaves open consideration of surface  coatings or other 
surface   treatments as  possible  means of reducing the  sound generated by the 
casing vibration.    A more   thorough  and quantitive  understanding of this 
mechanism could well   lead  to  effective means  of gearbox noise   reduction. 
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CONCLUSIONS 

HELICOPTER GEARBOX NOISE 

1. High noise levels result predominantly from the meshing action of the 
gear teeth Most of the excitation is due to the periodic variation 
in deflection of the gear teeth as load transfers from tooth to tooth. 
Noise component frequencies correspond to the first three harmonics of 
the teeth meshing rates. Manufacturing imperfections in tooth profiles 
add tc the excitation, but only to a small degree when the gears are 
highly loaded. Other gear manufacturing imperfections such as tooth 
spacing errors and runout are not significant contributors. Similarly, 
the bearings do not make a direct recognizable contribution to the high 
noise levels. 

The overall powrr transmission system contains resonances in the gener-
al range of gear excitation frequencies. One excitation frequency in 
".he gearbox falls close to such a resonance, leading to a higher noise 
.eve I at that frequency. The gearbox casing has many structural reso-
nances. but these tend to combine to give a fairly uniform response 
over most of the gear excitation frequency range. 

3 Ihe gearbox housing mounts are effective in attenuating vibration from 
the gearbox. The lift link is a relatively effective transmitter of 
vibration to the aircraft structure. There is a direct relation be-
tween housing vibration, and indirect indications point to a signifi-
cant airborne mode of noise transmittal from gearbox to cabin. 

4, A calculation procedure has been developed for predicting noise levels 
from design and operating data. The procedure includes calculation of 
gear excitation, dynamic gear forces, and acoustic power. 

5. Noise measurements on three UH-1D helicopters shov a high degree of 
uniformity. The calculated noise levels for the cruise condition 
shows good agreement with the measured levels. 

MODIFICATIONS FOR NOISE REDUCTION 

I. The new noise calculation procedure may be used to evaluate many of 
the widely proposed methods of noise reduction. 

X Individual design modifications generally affect each of the gear 
noise components to varying degrees and sometimes increase one while 
reducing another. The selection of optimum modifications therefore 
requires careful balancing of these effects. 

3. Some of the more promising modifications and some measure of their 
expected improvements in noise level for the test gearbox are: 

Iooth profile modifications will be effective in reducing the 
second harmonic noise components by more than 10 db. With some-
what closer manufacturing tolerances, the third harmonic can be 
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reduced almost  as euch. 

Reversing the  sun-riog excitation phasing by going from odd-  to 
even-numbered  teeth on the planets will reduce  the fundamental 
noise components by 2 db on the  gears as  presently designed. 
Greater improvement  is possible  if the  gear tooth addenda are re- 
vised concurrently. 

Shifting the  relationship between the excitation and the  resonant 
frequencies can reduce many of the noise  components.    For example, 
tripling the upper planet support compliance will reduce  the 
upper planetary noise  components by up to  7 db. 
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APPENDIX  I 

NOISE AND VIBRATION MEASUREMENTS 

Two  series  of noise   and  vibration measurements  were made on helicopters   in • 
operation.     The   first  series was performed   to obtain  some  data early  in  the 
program for preliminary analysis and  to check out   the   installation   ind  per- 
formance of  the   transducers  and  recording equipment   in  the helicopter. 
These measurements were   performed on one  ÜH-ID helicopter   (Aircraft No. 
65-9960)  operating  in   level   flight   (6600  rpm engine   speed,   75-80  knots * 
airspeed, about 85 percent power). The second series of measurements was 
obtained on three UH-1D helicopttrs (Aircraft Nos. 66-1038, 66-1039 and 
66-1043)* operating both in level flight (same conditions as above) and in 
the "flight-idle"condition on the ground (4,000-4,400 rpm, power estimated 
at  20-25 percent of   full  power). 

In  addition,   limited data  were obtained during  takeoff  and   landing  for  the 
same engine  speed and p^wer  settings  as were   used   for   level  flight. 

In  this appendix,   the   instrumentation used  in making  the  sound and  vibra- 
tion measurements and procedures  for  its  calibration are  described.     Then, 
the   results of   the  measurements are  presented   in graphical   %nd  tabular   form. 
In  general,   there   is no discussion of  the  result'"     since   the discussion 
using selected parts of  the  data  is  included   in  the main body of  the  report. 

DESCRIPTION OF   INSTRUMENTATION AND CALIBRATION  PROCEDURES 

The  arrangements of   instruraentati-m used  to obtain,   analyze,  and  record 
sound and vibration data  are   shown  schematically  in Figure  42.     Specifics 
on  the   types  and model  numbers of the  various  components  are  given below: 

A:celerometers   (5)   -   Pruel & Kjaer  (B & K)   4313 
Microphones   (3)   -   B & K 4133  -   1/2—inch  condenser microphone, with 

3 & K type   2630  batter-powered  cathod?   followers. 
Switch  -  Kistler   562   -   8-position 
Sound   Level Meter   (SLM)   -   B & K 2203 
Frequency Analyzers   -   B & K 2107  narrow  oand.      B 6c  K   1612-1/3  octave 

and octave  band  pa.^s. 
Microphone Amplifier  -   I: 6c K 2603 
Level Recorder  -   B & K 2305 
Tape  Recorder  -  Nagra   III 

* 
The   accelerometers have  a mounted  resonant   frequency of 45 kHz,   indicating 
an error of   less   than   1  db   for an operating  frequency  rarge   to   15 kHz.     The 
condenser n.icrophones  have   a   flat  frequency  response  over  the   range   from 20 
to  20,000  Hz.     The  sound   level meter,  which was  used  as   the   indicating am- 
plifier,  has an operating   frequency range  of   from   10   to  20,000 Hz.     The • 
Nagra   III   recorders   have   a   frequency  range  of   from  30   to   15,000  Hz,   flat 
within   1.5  db. 

*  The   gearbox   serial  numbers   on  the   three  machinrs  were  A12-1386,   A12-1388 
and A12-1390  respectively. 
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Figure  42.     Instrumentation Arrangements   for   Recording  and 
Analyzing  Sound  and  Vibration  Dfta. 
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The equipment for readout and recording the accelerometer and microphone 
outputs was Installed In the rear of the helicopter cabin.    The  leads  to the 
accelerometers mounted on and around the gearbox were passed through a 
small hatch In the bulkhead which encloses the gearbox and separates  it 
from the cabin.     The  Installation of the readout and record equipment  In fc 

the helicopter Is shown In Figure 43. 

One-third octave band and narrow-band frequency spectrum analyses were  per- 
formed In the laboratory from the recorded signals.    The selectivity 
characteristics of the one-third octave and narrow-band analyzers are  11- ^ 
lustrated In Figure 44.    The bandwidth of the flltero Is def.ermlned by the 
ratio of the frequencies at the filter 3-db down points.    For the one-third 
octave filter,  this ratio Is two-thirds;  for the narrow-band filter,  it is 
6 percent of the center frequency.    However,  all of the "energy" unoer the 
filter curve  Is reflected In the filter output,  even that part which is be- 
yond the 3-db down points.    During recording,  the signals were monitored by 
earphones from the  tape,  on the sound  level meter display and on the 
recorder VU meter. 

The arrangements  for calibration of the sound and vibration measurement 
systems were as follows: 

1) Initial calibration of accelerometers -  the accelerometera,   leads, 
selector switch,  and sound  level meter were assembled In the same 
arrangement  as was subsequently used  for measurements on  the heli- 
copters.    Each   ~f the accelerometers was mounted In turn on an 
electromagnetic vibration exciter along with a reference calibra- 
tion accelerometer.    The reference accelerometer was connected  to 
a Fluke 873A differential voltmeter using only the  lead supplied 
with the  accelerometer.    The vibration exciter was adjusted for 
about  1 g peak acceleration at 100 and at  1,000 Hz,  and readings 
were taken on both the differential voltmeter and the sound level 
meter (including both the meter reading and the recorder jack out- 
put).    The calibration constant  (ir. mv/g)  of each of the measure- 
ment accelerometers with  its  leads,  and  Including the  selector 
switch,  was obtained using the reference  accelerometer and dif- 
ferential voltmeter as  the  standard.     The  differential voltmeter 
had recently been calibrated and was  in use as a  laboratory 
standard. 

2) Calibration of  the sound measuring system -  a B d K type 4220 
pistonphone was used for absolute calibration of the sound 
measuring system.    When mounted properly on the microphone,  the 
pistonphone  produces a pure  tone  sound pressure of  124 db 
(re  2 x 10-4 v  bar) +0.2 db at 250 Hz.     This signal was used  to # 

calibrate  the  sound level meter and was  recorded on the tape  re- 
corder prior  to each series of measurements in order  to provide  a 
calibration s.gnal for setting up the analysis and level recording 
equipment. 
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SOUND PRESSURE   LEVEL MEASUREMENTS 

The microphone   locations   for  sound  pressure   level   (SPL)  measurements   for 
both  the   first  and  second  series of measurements   are  shown on a cabin  lay- 
out  schematic   in  Figure  45.     In all  cases,   the  microphones were  positioned 
at  about  head   level   for  a  seated person.     The   location at  the   rear by  the 
right  side  bulkhead   of   ehe   gearbox  compartment  was   at  an open hatch   in   the 
bulkhead.     When measurements  were   being made   at   the  other  positions,   this 
hatch was  blocked. 

Overall   SPL  levels   (linear  response)   for  each  measurement  position  and   for 
all   four machines   are   given   in Table  XIII. 

One-third-octave   frequency  analyses  of   the   SPL measurements   for   the   second 
series  of measurements   are   given   in  Tables  XIV,   XV,   and  XVI,   for   flight- 
idle  operation,   and   Tables  XVII,   XVIII,   and   XIX.   for cruise   operation.     The 
results  of  the  narrow-band   analysis  of   the  measurements   for  cruise  opera- 
tion  are   given   in  Tables  XX,   XXI,   and  XXII.      The   center   frequencies   at 
which  there   are   identifiaole   peaks  or maxima,   in   the   SPL spectrum,   are 
listed with   the   amplitudes   of  SPL at   those   frequencies. 

riBRATION MEASUREMENTS 

The   locations   of   the   accelerometers  on   the   gearbox   and   its  support   struc- 
ture   for  the   first,   preliminary series  of measurements  are   shown   in  Figure 
46.   The   accelerometers  were  mounted   by   cementing   (using Eastman  910 
adhesive)   small   steel   blocks   (5/8-inch   square   by   3/16-itich   thick)   to   the 
gearbox or   btructure   surface  after   removing   the   paint  and  thoroughly 
cleaning   the   surface   with  abrasive   paper  and   solvent.     Permanent  magnet 
mounting  blocks,   supplied  with   tht   accelerometers,   were  used   to  attach   the 
accelerometers   to   the   steel  block'.     The   surfaces   of   the   steel   blocks  were 
ground   ^lat  and   smooth,   except   thf  one   used   at   the   ring  gear  housing   lo- 
cation was   shaped   to   fit   the  housing  contour.     At   the  conclusion  of   the 
flight   test,   the  magnetic   mounting  blocks   ac   the   ring  gear   flange   and   upper 
lift   link  clevis   positions  were   shifted   slightly   from  their  original   posi- 
tions  on   the   steel   blocks.     It  was   resolved   to   use   other,  more   positive, 
mounting methods   for   the   final   series  of measurements. 

Results  of   the   first   series  of measurements   are   given   in Table  XXII I.     These 
results   are  overall   vibration   levels   at   each  measurement  point  with   the   in- 
strumentation   seL   for   linear  response   from  20   to   20,000  Hz.     The   number  of 
points   for  vibration  measurement  was   reduced   to   five   for  the   second   series 
of measurements.     The   acce lerometer   locations   for   these   tests  were   (refer- 
ring  to Figure  46): 

1. Ring  Gear   Housing 
2. Base   -   Front   Corner 
J.     Base   -  Aft   Corner 
4. Upper   Lift   Link  Clevis 
5. Lower   Lift   Link  Clevis 

The  method   for  attaching   the   acce lerome ter  was   changed  by cei.ienting 
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Figure 45.    Microphone Locations  for Sound Pressure Level Measurement! 
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TABLE XITI.    OVERALL SOUND PRESSURE LEVELS 
(db,   rms,   re   0.0002  dyne/cm2) 

Aircraft No. 

First Seriös 

Microphone Position 

Main Cabin 

Lefi Right. 

Cruibe ■ 

65-9960 107 .5 10 

S«2nd  S^rie» Cifrln Issmi 
Cruise 

66-1038 105.8 

66-1039 105.2 

66-10A3 105 

fiUht Hit 
66-1038 101.5 

66-1039 100.5 

66-10A3 y? 

Cabin Rear 

i-eft 

107 

105.5 

105 ; 

105.7 

100 

100 

97.2 

Right (open hatch) 

115.5 

At Open HKtch 

121.2 

120.E 

119 

117 

120.5 

117 

95 



TABLE XIV. TABULATED ONE-THIRD-OCTAVE FREQUENCY 
ANALYSIS OF SOUND MEASUREMENTS, 
FLIGHT IDLE OPERATION 
AIRCRAFT NO . 66-1038 

SPL, db r e 2 0.0002 dyne/cm 

Cente r Frequency Measurement P o s i t i o n 

Hz At Gearbox Behind Rear of 
Comp t . Hatch P i l o t Cabin 

20 < 7 4 < 6 7 < 64 

25 81 5 90 5 84 

32 84 85 5 86 

40 87 82 85 

50 89 5 84 84 

64 92 5 93 5 86 

80 88 5 90 C 
J 78 

100 90 7 84 84 

125 91 85 83 5 

160 94 5 88 5 86 

200 93 7 87 84 5 

250 103 5 95 90 5 

320 90 5 86 8 81 5 

400 94 89 6 91 5 

500 89 81 5 82 

640 94 80 8 81 

800 96 3 79 8 82 

1000 101 80 78 5 

1250 106 83 5 82 2 

1600 102 1 80 78 6 

2000 112 5 82 8 8K 2 

2500 106 83 5 80 5 

3200 105 2 83 2 79. 7 

4000 105 2 82 2 78. 1 

5000 103 8 80 8 77 6 

6400 111 .2 91 86 3 

8000 111 5 87 82 5 

10 ,000 96 75 9 .'•3 

12 ,500 100 74 2 70 5 

16 ,000 84 <67 64 

Lin 117 101 5 100 
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TABLE XV. TABULATED ONE-THIRD-OCTAVE FREQUENCY 
ANALYSIS OF SOUND MEASUREMENTS, 
FLIGHT IDLE OPERATION 
AIRCRAFT NO. 6 6 - 1 0 3 9 

SPL, db r e 0 . 0 0 0 2 dyne/c in^ 

Center Frequency Measurement Posi t ion 
Hz At Gearbox Behind Rear of 

Compt. Hatch Pi lot Cabin 

20 <74 <64 <64 
23 78 76 80 
32 82.5 83 83.5 
40 96 91 89.5 
50 94 89.5 89.5 
64 90 83.5 82.5 
80 94 91 85 

100 89 78.5 84.5 
125 88.5 81.5 84 
160 95.5 85.5 84 
200 97.5 93.5 89.5 
250 105.5 89.4 88.4 
320 95.5 83 81.5 
400 97.5 86.5 85.8 
500 96 84.5 82.5 
640 93 77.5 81.4 
800 102 83.5 83.5 

1000 96.5 80.5 80.2 
1250 109.2 82 85.3 
1600 102.2 77.8 79.2 
2000 111.8 83.5 80.8 
2500 109.5 83 81.3 
3200 105.5 81 80.5 
4000 107.5 81.5 81 
5000 106.5 81 79.5 
6400 105.5 83.2 84 
8000 104.5 84 84.5 

10,000 97 75.5 75 
12,500 96 71 72 
16,000 90 66 65. 5 
Lin. 120.5 100.5 100 , 
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TABLE XVI.     TABUUTED 0ME-TH1RD-0CTAVE FREQUENCY 
".NALYSIS OF SOUND MEASUREMENTS, 
FLIGHT IDLE OPERATION 
AIRCRAFT NO.   66-1043 

2 
SPL, db re 0.0002  dyne/cm 

Center  Frequency 
Hi 

20 

25 

32 

40 

50 

64 

80 

lüO 

125 

160 

200 

2 50 

320 

400 

500 

640 

800 

1000 

1250 

1600 

2000 

2500 

3200 

4000 

5000 

6400 

8000 

10,000 

12,500 

16,000 

Lin. 

At  Gearbox 
Compt.  Hatch 

Mmmamaat Eflaitlaa 
behind 
Pilot 

<74 

78 

75.5 

82 

85.5 

^3 

85 

8A 

91 

94 

93.5 

91 

89.5 

92 

92 

94 

95 

101 

104.5 

104 

110.5 

104.5 

105.5 

106 5 

102.8 

112.5 

105 

93 

97.5 

84.5 

117 

<54 

80 

79.5 

84 

76 

83.5 

79 

75 

79.5 

85.5 

87.5 

78 

79 

84 

64 

77 

79.4 

78 

7» 

77.5 

80 

80 

80 

80 

78. - 

85.5 

82.5 

72 

70 

59.5 

97 

Rear  of- 
Cabin 

<64 

72 

82.5 

82 

80 

85.5 

76 

81 

80.5 

85.5 

78.5 

79.5 

84.5 

84.5 

84.5 

81 

8b 

82 

81.5 

79.5 

81 

80.6 

81.7 

80 

79 

90.7 

89.8 

74.5 

72.4 

64 

97.2 

98 



TABLE XVTI. TABULATED ONE-THIRD-OCTAVE FREQUENCY 
ANALYSIS OF  SOUND MEASUREMENTS   - 
CRUISE OPERATION AIRCRAFT NO.   66-1038 

SFL,   db re   0.0002 dyne/cm 

Center  Frequ«.icy 
Hz 

Measurement  Position 
At  Gearbox                         Behind 

Compt.   Hatch                        Pilot 
Rear  of 

Cabin 

20 <74                                     <64 <64 

25 91                                        84 87 

32 95.5                                    98.5 92 

40 95                                        89 87.5 

50 101.5                                    89 96.8 

6A 101.3                                    91 92.5 

80 98                                        92 89.5 

100 102.5                                  92.5 93.5 

125 97.5                                  92.5 96 

1H) 99                                      95.5 94.5 

200 107.5                                  95.5 96 

250 105.5                                  93.5 97.5 

320 99                                      95.7 91 

400 95.5                                    91.5 88.5 

500 95.5                                    85.7 87 

uo 99                                        85.7 86.7 

800 96.5                                    82 33.5 

1000 100.5                                    82 62 

1250 105.5                                    8C 81.5 

1600 102.3                                    79.5 79.5 

2000 106.3                                    8.4.2 83.5 

2500 104                                         77.4 78 

320C 118                                         85.5 87.2 

',000 113                                        85.5 83.3 

5000 105.8                                    78.3 78.3 

6400 110.8                                    80 78.8 

10,000 105                                         79 81 

12,500 88                                         66.5 66.5 

16,000 78.5                                 <64 <  64 

Lin. 121.2                                  105.8 105.5 

99 



TABLE X V I I I . TABULATED ONE-THIRD-OCTAVE FREQUENCY 
ANALYSIS OF SOUND MEASUREMENTS -
CRUISE OPERATION AIRCRAFT NO. 6 6 - 1 0 3 9 

SPL, d b r e 0 . 0 0 0 2 d y n e / c m 

Measurement P o s i t i o n 
Cen te r F requency 

Hz 
At Gearbox 

Compt. Hatch 
Behind 

P i l o t 
| 

Rear of 
Cabin 

20 <74 < 6 4 ft < 64 
25 86.5 83.5 * 87 
32 98.5 98 90 
40 97.5 91 93.5 
50 103 91 97 
64 102.5 90.5 91.5 
80 99 88.5 87 

100 105 95 99 
125 99 91 94 
160 101.5 96.5 92.5 
200 no 9 5 . 5 9 5 . 5 
250 107 .4 95 9 5 . 5 
320 101 .5 9 2 . 5 9 1 . 5 
400 100 89 89 

' 500 9 6 . 5 90 . i 86 
640 101 .5 8 6 . 5 1 8 8 . 5 
800 98 8 1 . 5 | 84 

1000 9 8 . 5 81. Jj 8 1 . 5 
1250 103 .5 8 1 . 5 8 2 . 5 
1600 102.7 7 8 . 5 78 .8 
2000 108.7 80 8 0 . 5 
2500 103 7 8 . 5 79 
3200 110 .5 8 5 . 2 8 0 . 5 
4000 115 .5 8 9 . 4 8 9 . 5 
5000 106 79 .3 78 .4 
6400 110 81 79 .7 
8000 106 .4 i 7 9 . 5 7 8 . 5 

10 ,000 110 82 8 3 . 5 
12 ,500 9 2 . 5 68 67 .2 
16 ,000 8 1 . 5 < 6 4 < 64 
L i n . 120 .8 105 .2 105.7 
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TABLE XIX. TABULATED ONE-THIRD-OCTAVE FREQUENCY 
ANALYSIS OF SOUND MEASUREMENTS -
CRUISE OPERATION AIRCRAFT NO. 6 6 - 1 0 4 3 

SPL, d b r e 0 . 0 0 0 2 d y n e / c m 

Measurement P o s i t i o n 
Center Frequency 

Hz 
At Gearbox 

Compt. Hatch 
Behind 
P i l o t 

Rear of 
Cabin 

20 < 84 < 64 < 74 
25 90 82 u8 
32 99.5 96 88 5 
^0 99 88.5 88 5 
50 103 89 93 
64 101 92.5 93 5 
80 102 90 88 5 

100 102 91 91 5 
125 99 91 .3 91 

160 104 95 93 
200 106 93.5 97 3 
250 106 93 93 
320 99 .5 90.8 81 5 
400 99 86.5 * 88 

500 100 88 94 
640 104 94.5 93 5 

800 100 84 83 
1000 102 84 .3 82 5 
1250 105.5 81 ? 83 

1600 104 81.2 80 
2000 109. 5 84.4 83 

2500 106 SC. 5 81 

3200 UC 86 83 5 
4000 i 12 s 84. 5 

5000 105.6 SO 79 

6400 .'.06.5 80.5 dl 5 

8000 10^.5 80 79 

10,000 103.5 80 81 

12,500 90.5 67 < 74 

16,000 < 84 < 64 < 74 

Lin. 119 105 105. 7 
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TABLE XX.     NARROW-BAND FREQUENCY ANALYSIS OF SPL MEASUREMENTS 
FOR CRUISE OPERATION, AIRCRAFT NO.   66-1038 

Measurement  «t  Hatch 
to Gearbox Comparcment 

Meaauremeru   Behind 
Pilot 

Maaiuramant  At 
Rear  of Cabin 

Frequency                   SPL 
Hz                         db re 

0.0002 dynt/cm 

Frequency                    SPL 
Hz                           db ra 

r.0002 dyna/em2 

Frequency                    SPL 
Hz                           db re 

0.0002 dyne/cm 

22                                96 21.5                          97 22                             96 

26                               86 27                               83 26                             83 

33                                94 33                               98 27                             85 

UU                                 96.5 44                               88 28                             84 

5A                              101 55                               87 32                             89 

73                               85 73                               <»? 44                             84 

83                               86 100                                      5 54                             94 

97                               88 142                               90 73                             87 

110                               89 165                               93.5 110                             91 

165                               87 220                               88 :40                             94 

220                             108 265                               91 163                             92 

270                             101 280                               94 195                             91 

285                             101 300                               93 220                             95 

300                               9A 320                               92 230                             94 

320                               93 670                               83 240                             91 

360                               9A 800                               79 270                             94 

UkO                               91 1100                               79 290                             93 

670                               96 2000                               63 300                             89 

1100                             100 3250                               84 320                             88 

1300                             105 4000                               82 360                             87 

1950                             105 6000                               78 540                             83 

3200                             117 9200                               82 1320                             77 

A000                             113 1900                             80.5 

6000                             110 3200                             84 

9200                               94 4000                             79 

6000                             76 

9200                             77 

9700                             78 
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TABLE XXI. NARROW-BAND FREQUENCY ANALYSIS 
FOR CRUISE OPERATION, AIRCRAFT 

OF SPL MEASUREMENTS 
NO. 66-1039 

Measurement 
To Gearbox 

a t Hatch 
Compartment 

Measurement Behind 
P i l o t 

Mcaaurr-
Rear c 

' t 

F requency 
Hz 

SPL 
db r e . 

0 .0002 dyne/cm 

Frequency 
Hz 

SPL 
db r e 

0 .0002 dyne/cm 

Frequency 
Hz 

0 

SPL~ ~ 
db r e 

2 0002 dyne /cm 

2 1 . 5 96 21 .7 92 2 1 . 5 96 

32 100 .5 27 79 27 82 
44 96 3 2 . 2 9 8 . 5 32 89 

56 102 43 8 8 . 5 43 9 3 . 5 
65 98 55 91 55 96 

72 97 64 90 64 80 

110 104 72 88 72 85 

132 97 98 85 88 8 3 . 5 

165 98 112 92 98 9 2 . 5 

220 110 .5 140 87 112 99 

250 107 166 9 5 . 5 165 8 9 . 4 

270 104 195 92 200 92 

290 105 .5 260 9 2 . 5 255 92 / 

360 102 275 97 270 54 

450 95 330 88 280 93 

650 103 360 89 29> 87 

740 97 400 87 360 91 

780 9 5 . 5 450 85 550 83 

870 96 650 85 645 86 

1100 9 7 . 5 1020 78 1100 79 

1300 105 1060 78 1300 84 

1900 109 .5 1300 82 1900 80 

2230 100 1900 78 2100 77 

3200 110.2 2700 77 2800 7 9 . 5 

I 000 115 .5 3200 87 3200 82 

6000 109 4000 87 4000 84 

8000 102 6000 8 1 . 5 6000 8 ' 

9500 113 .5 8300 

9600 

8 1 . 5 

87 

9500 8 6 . 5 
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TABLE XXII.     NARROW-BAND FREQUENCY ANALYSIS OF  SPL MEASUREMENTS 
FOR CRUISE OPERATION,AIRCRAFT NO.  66-1043 

Measurement 
To Gearbox 

•t  Hatch 
Compartment 

Measurement   Behind 
Pilot 

Measurement  At 
Rear o£  Cabin 

Frequency 
Hz 

SPL 
db re 

0.0002 dyne/cm 

Frequency                     SPL 
Hz                         db  re 

9 
0.0002  dyne/cm 

Frequency                   SPL 
Hz                           db  re 

0.0002   dyne/cm 

21.5 94 21.5                       93 21.3                       96 

27 86 32                           98 32                           86 

32 97 4/-.                           83 44                           88 

A4 98 55                           88.5 55                             95.5 

54 102 54                            87 64                             88 

72 99 72                             88 72                             92 

85 96 97                             86.5 85                             77 

110 105 110                             90 98                             92 

140 94 150                             91.3 110                             96 

l':5 98 165                             92. c, 125                             88 

200 101 190                             90.5 135                             91 

220 110 218                             94 165                             92 

270 102 255                             89 220                             98 

320 94 275                             92 265                             90 

500 98 320                             88 280                             90 

640 103 500                             84.5 300                             89 

1100 { •■ 10^/ 640     t                      94.5 320                             89 

1300 104.5 800                             80 440                             86 

1900 107 1100                             82 520                             94 

2800 106 1300                              79.5 640                             92 

32UO 106 1600                             7 7 840                             80 

4000 111.5 1850                           84 1100                               84 

6000 105 2750                             79.5 1300                             83 

8000 100 3200                           82.5 1850                             84 

9200 109 4000                             8 7 2800                             82 

4800                             7 5 3200                             90 

6000                             80 4000                             85 

9300                             81 6000                             80 

10,200                             74 9200                             87 

104 



Rotor Mast 

Note:     Numbers   in parentheses 
Indicate   series of 
measurements   in which 
the   location  was  used. 

Upper clevis 
of lift link 
(1 ,2) 

(<i)   Entire   gearbox with   lift   link. 

Ring gear housing 
flange   (I) 

-Ring  gear  housing 
(1,2) 

Structure   at 
forward mount   (1) 

Base   at   aft  corner 
(1,2) 

Base   at   forward  corner   (1,2) 

Lower  clevis   of   lift   link   (1,2) 

^-Structure   at   fifth raount(l) 

Structure   at  aft  mount   (1) 

Structure   under 
aft  mount   (1) 

(b)   Enlarged  detail  of   aircraft   structure,   showing  corner mount   and  damper. 

Figure 46.     Accelerometer  Locations   for Vibration Measurements   in 
the First  and  Second Flight  Series. 
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TAZU: **111. VIBRATION LEVELS MEASURED ON GEARBOX AND 
SUPPORTING STRUCTURE DURING INITIAL 
SERIES OF MEASUREMENTS 

Locat ion Acceleration, g, rms (Lin.) 

Ring Gear Housing 13.5 
Ring Gear Housing Flange 30.0 

Base - Front Corner 
* 

2.6 

Structure at Forward Mount 1.6 

Base - Aft Corner 7.8 

Structure at Aft Mount 2.2 

Structure Below Aft Damper 1. 7 

Structure at Fifth Mount 4.4 

Upper Lift Link Clevis 16. 

Lower Lift Link Clevis 21.5 

r \ 
V 
t 



.: ' 

eluEiinum blocks (5/8-inch square by 3/8-inch thick) to the gearbox surface 
(Easonan 910 adhesive) and attaching the accelerometers to the blocks with 
mounting studs.     This  arrangement was entirely satisfactory. 

Overall  levels of vibration (linear response)  are tabulated in Table XXIV 
for -11 measurement points and both flight conditions.    One measurement 
poim:   the ring gear housing location for aircraft No.  66-1039,  cruise 
operation, was not obtained due  to damage  to the connecting lead at some 
time after the  installation was completed  and checked out. 

The results of one-third-octave frequency analysis for all of the vibration 
measurement points, including cruise and flight-idle operation of all three 
aircraft,  are  given in Tables XXV,  XXVI,  XXVII,  XXVIII,  XXIX,   and XXX. 

MEASUREMENTS ON CABIN SURFACES 

During cruise operation with aircraft No.   66-1039,   a hand-held accelero- 
meter probe was used to obtain vibration measurements at a number of  loca- 
tions on the cabin deck,  side,  and gearbox compartment bulkhead surfaces. 
The locations of the measurement points are  identified on a schematic of 
the cabin layout  in Figure  19 in the Discussion section of this report. 
Overall acceleration  levels recorded at each of the  16 measurement posi- 
tions are tabulated under the schematic  layout. 

Narrow-band analysis was performed on the data from the  center of  the  gear- 
box compartment bulkhead   (position  16),   and  results of  this are  shown also 
in Figure  19.     These  results are presented as  the  frequencies and surface 
vibration velocity amplitudes of Identifiable maxima in  the narrow-band 
spectrum. 
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TABLE XXIV.    VIBRATION LEVELS MEASURED ON GEARBOX 
DURING FINAL SERIES OF TESTS 

f 
Accelerometer Locmtlon Acceleration,  g,   rms  (Lin.) 

Aircraft No. 

66-1038                      66-1039 66-1043 

Ring Gear Housing 78.0 33.0 

Base  - Fwd. Corner 33.0                            22.0 27.0 

Base - Aft    Corntr 12.4                            29.0 12.5 

Above Lift Link 16.3                            25.0 16.5 

Below Lift Link 11.5                              8.7 7.5 

Flight " Ml« flBKft.t^P 

Ring Gear Housing 22.0                             35.0 24.0 

Base  - Fwd.  Corner 10.5                             13.5 11.2 

Base  - Aft    Corner 7.5                             12.5 9.8 

Above Lift Link 8.5                              11,5 11.7 

Below Lift Link 3.4                                7.7 3.3 
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TABLE XXV. TABULATED ONE-THIRD-OCTAVE 
ANALYSIS  OF VIBRATION DATA, 

FREQUENCY 
AIRCRAFT 

NO.  66-1038   -   CRUISE OPERATION 

Center 

Acceleration,  g  (rms) 

Ring Base                       Base Below Above 
Frequency Gear Fwd.                       Aft Lift Lift 

Housing Link Link 

20 <.5C <.19                      <.06 <.Ü5 <.165 

25 <.50 .23                 ,         .085 .36 <.165 

32 <.50 <.19                          .095 .085 <.165 

40 .90 .23                          .135 .175 <.165 

50 .53 <.19                          .09 .165 <. 165 

64 1.90 .80                          .30 .40 .24 

80 .67 .42                          .29 .37 .23 

100 .57 .28                          .24 .2 .17 

125 1.13 .45                            .14 .15 <.165 

160 .73 .21                            .13 . 13 <. 165 

200 2.1 .19                            .19 . 11 <.165 

250 1.8 .215                         .21 .UH5 <. 165 

320 .85 .21                            .25 .075 <. 165 

400 .90 .235                         .30 .13 <.lbt) 

500 .85 <.19                            .25 .80 .18 

640 .80 .75                            .43 , 12 .25 

800 .85 .35                            .34 . 14 .23 

1000 1..C 1.05                            .74 .40 .42 

1250 1.9 1.35                            .00 .49 .62 

1600 3.02 1.30                           .95 .4 7 .y9 

2000 10.3 4.5                           2.70 1.55 2.40 

2 500 5.8 3.Ü                           1.01 1.10 2.4Ü 

3200 9.5 14.0                           4.40 3.60 14.50 

4000 53.0 27.Ü                           5.50 10.50 5.20 

5000 23.5 6.4                           5.40 2.18 1,80 

6400 45.0 9.2                            7.40 .95 1.55 

8000 34.0 4.9                           3.50 .32 .70 

10,000 10.2 2.0                            1.70 .38 .58 

12,500 5.6 .95                         1.01 .185 .76 

16,000 1.5 .255                          .27 ^.05 .24 

Lin. 78.0 33.0                         12.4 11.5 16.3 
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TABLE XXVI. TABULATED ONE-THIRD-OCTAVE FREQUENCY 
ANALYSIS OF VIBRATION DAIA,AIRCRAFT 
NO. 6 6 - 1 0 3 9 - CRUISE OPERATION 

A c c e l e r a t i o n , g (rms) 

Center 
Frequency 

Ring 
Gear 

Housing 

Base 
Fwd. 

Base 
Aft 

Below 
L i f t 
Link 

Above 
L i f t 
Link 

20 < .19 < .18 <•05 .165 

25 < .19 .36 .165 .26 

32 .225 .34 .09 .22 

AO < .19 .21 .085 .22 

50 < 19 .21 .08 .22 

64 .52 .47 .11 .44 

80 .20 .21 .11 • 2b 

100 < .19 .21 .115 .22 

125 .20 .21 . 105 .245 

160 < .19 <•18 .07 . 185 

200J .215 <•18 .07 .185 

250 215 .21 .085 .175 

320 < .19 <•18 • C55 .165 

400 19 .195 .065 .165 

500 .215 .21 .08 .165 

640 a .47 .38 .125 .28 

800 2 
M 40 .26 .155 .195 

1000 s 
03 85 .60 .46 .26 

1250 
o 
< 2 0 1.35 .50 .92 

1600 3 1 05 .75 .62 1.20 

2000 o z 2 40 1.90 1.60 2.50 

2500 1 95 1.05 1.10 2.15 

3200 6 40 3 .40 1.65 9 .70 

4000 15 0 21.0 7.30 22.0 

5000 6 8 9 .0 3.30 5.40 

6400 14 0 18 0 1.95 7 .80 

8000 4 2 5.30 .54 1 .45 

10000 2 90 2.30 1.01 1.15 | 

12500 2 15 1.45 .21 . "A 

16000 40 .38 <•05 
-

L in . 22 0 29.0 8. ' "±J 
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TABLE X X V I I . TABULATED ONE-THIRD-OCTAVE FREQUENCY 
ANALYSIS OF VIBRATION DATA, AIRCRAFT 
NO. 6 6 - 1 0 4 3 - CRUISE OPERATION 

A c c e l e r a t i o n , g (rms) 
Center 

Frequency 
Ring 
Gear 

Housing 

Base 
Fwd. 

Base 
A f t 

Below 
L i f t 
Link 

Above 
L i f t . 
Link 

20 < .16 < .19 <•18 < . 0 5 <•05 

25 .18 .215 < .18 .105 .09 

32 < .16 .205 < . 1 8 <•05 <•05 

40 .21 .19 < .18 <•05 <•05 

50 .18 <•19 < .18 .07 <•05 

64 I .22 .65 .20 .47 .53 

80 1 .22 .42 <•18 .43 .46 

100 .24 .215 <-18 .06 < . 0 5 

125 .28 < .19 <•18 .06 <•05 

160 .31 <•19 < .18 < .05 <•05 

200 .42 <•19 <•18 <•05 < . 0 5 

250 .29 <•19 <•18 <•05 < . 0 5 

320 .29 <•19 < .18 *-.05 < . 0 5 

400 .50 .23 < .18 .155 <•05 

500 .28 .43 .295 .26 .45 

640 .25 1.50 1.20 .14 .46 
800 .62 .44 .21 .22 .07 

1000 .29 .80 .55 .43 .09 

1250 43 1.15 .84 .37 .64 

1600 .82 1.10 .70 .37 .81 

2000 2 .40 2.55 1.80 1.25 2 . , -

2500 1 75 3 .40 1.25 .95 2 .85 
3200 2 50 12.8 3.50 1.42 8 .70 
4000 13 8 21.0 5.30 5.50 13.0 

5000 12 0 6 .0 6.70 3.50 3.40 

6400 24 0 8 .0 6.70 2.60 4 .70 

8000 12 0 3 . 1 3.10 ' 5 1.35 

100C0 7 0 1.55 2.00 .26 .80 

12^500 3 9 .85 1.10 .33 .50 

^ O O 1 l .19 .28 <•05 .055 

Lin. 33 0 27.0 12.5 7.50 16.5 
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TABLE XXVIII. TABULATED ONE-THTRD-OCTAVF. FREQUENCY 
ANALYSIS OF VIBRATION DATA, AIRCRAFT 
NO. 66-1038  (FLIGHT-IDLE OPERATION) 

|   Center 
1 Frequency 

A«celeratlonk g  (rms)                                                  ] 

Ring 
Gear 

Housing 

Base                    Base                     Below 
Fwd.                     Aft                        Lift 

Link 

Above   1 
Lift 
Link     1 

20 <.ll <.06                    <.055                   <.017 <.05     | 

25 <.ll <.06                      .06                       .03 .08     | 

I        32 <.ll .06                      .07                       .02 .06 

1       A0 
.70 .40                      .55                       .34 .28 

1        50 
.32 .32                      .44                       .27 .21   ! 

1        M <.ll .075                 <.055                     .04 .09 

\       80 <.ll <.06                      .06                       .045 .07     j 

100 <.ll .075                 <.055                     .035 .075 

125 .13 .065                 <.055                     .035 .065 

160 <.ll .08                      .07                       .035 .06 

|      200 <.n .085                    .065                     .035 .06 

1      250 <.ii .085                    .06                       .03 .055 

'     320 <.ii .14                      .115                     .035 .055 

400 .28 1.35                      .57                       .18 •15     | 
500 .13 .20                      .135                     .045 .07 

1      6A0 .33 .54                      .47                       .075 .09 

1     800 
.31 .35                      .18                       .165 •15 

1000 .37 .75                      .47                       .35 .19 

1250 1.40 1.75                    1.45                       .80 .50 

1600 2.10 .91                      .75                       .31 .80 

2000 5.80 4.00                   3.70                       .72 3.50 

i   2500 5.00 4.00                    1.45                    1.02 3.10 

3200 4.70 3.50                    1.45                    1.75 5.70 

4000 10.5 5.00                   3.20                    2.40 4.30 

5000 10.5 4.70                   4.80                    1.08 1.30 

o400 10.5 4.00                     2.10                        .28 .63 

8000 10.5 1.40                     1.65                        .145 .33     1 

10000 2.10 .70                     2.50                        .09 .33     | 

12500 .80 .27                       .45                        .08 "H 

16000 .26 .90                       .14                        .04 .105 

[ Lin. 22.0 10.5                       7.50                     3.4 8.50     j 

112 

...  r J-,.*.-.■ .^v--   - 

■   • -       .->--- 
■ «U 



panmnaoHMKi r. ^H? \ssr'T^7frrs'jrz~^rzz 

■ 

'(.. 

t'UfJWWWRIS^OWi ««•   JKM«#lW*'|,!fw'W^'^^ 
rrt.tffi«' 

I S3,       v> 

1                 TABLE XXIX. TABULATED ONE-THTRD-OCTAVE FREQUENCY 
AMALYSIS OPiVIBRATION DATA, AXKCRAFT 

HO. 66-1039 (FLIGHT-IDLE OPERATION) 

|   Center 
1 Frequency 

Acceleration, g (rms)                                              i 

i            Ring 
Gear 

Housing 

Bate                    Bate                   Below 
Fvd.                     Aft                      Lift 

Link 

AboveH 
Lift 
Link    | 

|       20 <.54 <.19                   <.18                   <.165 <.05    j 

25 <.54 •   <.19                   <.18                   <.165 .07    ! 

32 <.54 <.19                   <.18                   <.165 .105 

40 .60 .34                      .26                     .35 .31 

1       50 
1.35 1.15                      .85                   1.30 1.10 

64 <.54 .19                      .20                  <.165 .25 

80 .56 <.19                   <.18                  <.165 .10    j 

100 .64 <.19                   <.18                  <.165 .11 

125 .64 <.19                   <.18                  <.165 •ll 

160 .60 <.19                   <.18                   <.165 .105 

200 .64 <.19                   <.18                   <.165 .105 

1     250 <.54 <.19                   <.18                       165 .11    | 

|     320 <.54 <.19                   <.18                    -.165 .105 

400 .54 .90                      .67                      .79 .47    j 

500 <.54 .52                      .33                      .165 .145 

640 <.54 .23                   <.18                   <.165 • 11    \ 

800 .67 .70                      .65                      .22 .25 

1000 .67 .65                      .52                     .22 .23    | 

1250 1.80 1.30                    1.30                     .79 1.10 

1   1600 2.40 .90                      .86                     .33 .70    \ 

j   2000 5.50 5.80                    3.30                   1.30 2.00 

1   2500 13.0 ^.00                    2.40                   2.15 3.00    j 

1   3200 5.50 2.80                     1.60                    1.11 3.60 

4000 19.0 9.0Ü                     5.50                    7.00 9.60 

j   5000 21.0 ..80                     9.00                     2.40 4.30    j 

j   6400 11.2 3.50                     4.80                       .55 1.25    j 

j   8000 8.50 1.60                     2.40                       .20 .60    j 

10000 5.00 .90                        .92                    <.165 .42 

12500 1.35 .60                        .36                    <.165 .165 

16000 .54 <.19                    <.18                    <.165 .10 

Lin. 35.0 13.5                     12.5                      7.70 11.5      j 
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TABLE XXX.    TABUUTED ONE-THIRD-OCTAVE FREQUENCY 
ANALYSIS OF VIBRATION DATA,AIRCRAFT 
NO. 66-1043 (FLIGHT-IDLE OPERATION) 

Center 
Frequency 

Ring 
Gear 

HoueIng 

Acceleration, g (rms) 

Base 
Fwd. 

Base 
Aft 

Below 
Lift 
Link 

20 <.54 <.19 <.18 <.05 

23 <.54 <.19 <.18 <.05 

32 <.54 <.19 <.18 <.05 

40 1.60 2.1 .95 .63 

50 1.00 1.12 .46 .295 

64 <.54 <.19 <.18 .06 

80 <.54 <.19 <.18 <.05 

100 <.54 <.19 <.18 <.05 

125 <.54 <.19 <.18 <.05 

160 <.54 <.19 <.18 <.05 

200 <.54 <.19 <.18 <.05 

250 <.54 <.19 <.18 < 05 

320 <.54 .25 .18 <.05 

400 .67 1.45 .60 .23 

500 <.54 .20 .18 .06 

640 <.54 .27 .30 .085 

800 <.54 .28 .24 22 

1000 <.54 .80 .57 62 

1250 .95 1.20 .85 .62 

1600 1.80 1.60 1.32 .24 

2000 4.30 8.00 7.20 .88 

2500 5.40 3.20 1.45 .88 

3200 6.40 3.80 2.00 1.40 

4000 13.2 3.80 3.00 1.65 

5000 16.0 ).80 4.70 2.20 

6400 10.0 3.20 2.10 .40 

8000 6.00 1.20 1.08 .19 

10000 2.70 .56 .60 .085 

12500 .75 .28 .36 .065 

16000 <.54 <.\9 <.18 <.05 

Lin. 24.0 11.2 9.80 3.30 

Above 
Lift 
Link 

<.16* 

.175 

.21 

.62 

.30 

.165 

.165 

<.165 

<.165 

<.165 

<.lf)5 

'.J,65 

<.J65 

.23 

<.165 

<.165 

.23 

.35 

.53 

.65 

2.20 

2.30 

7.50 

7.50 

1.50 

1.55 

.43 

.31 

.165 

<.165 

U.7 
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APPENDIX II 

MEASUSaMEHT OF GEARBOX HOUSING STRUCTURAL RESPONSE 

The procedure was to apply cyclic force at one of several points on the 
gearbox structure while measuring the response at the point of force appli- 
cation and at a number of other points on the structure.     The locations of 
the points of force application and of the accelerometers are shown In 
Figure 47.    The selected drive points were  the ring gear housing and those 
locations of Input shaft and mast support bearings which were accessible 
without disassembling the gearbox.    Prior to affixing the accelerometers, 
various points on the housing were probed with a hand-held accelerometer 
while driving at the mast upper bearing support.    There were no points of 
especially high level response,   so the accelerometers were mounted mostly 
at the  same locations as were used to obtain vibration data In the hell- 
copter. 

For  these measurements,  the gearbox was supported on the soft mounts which 
normally hold It In Its shipping container.    These are  located at the  four 
corner positions normally used for mounting In the aircraft.    The  lift  link 
was not connected and the mast was removed.    The procedure was to drive 
with a small electromagnetic shaker at a series of discrete  frequencies 
from 200 to 10,000 Hz.    The shaker excitation was adjusted  to give  a con- 
stant  Input force of 3.165  lb peak-uo-peak at all frequencies as measured 
by a piezoelectric force cell Inserted In the drive connection under com- 
press Ive preload.    The fixtures  for attaching ehe drive  rod to the  gearbox 
were designed so that the rod end was in direct contact with the gearbox 
surface under substantial preload.    The acceleroneters were mounted by 
studs on aluminum blocks which were cemented to the gearbox surface. 

Figure 48 shows the gearbox with the shaker connected to drive at the ring 
gear housing.    The accelerometers mounted on the ring gear housing,   lower 
housing, and base after corner  (Nos.  1,  2,  and 3 in Figure 47) are visible. 
The mounting bracket for the drive rod at  the  input shaft bearing housing 
is also visible. 

Complete results of the measurements are  given in Table  XXXI as acceleration 
in db,  with slightly different  reference  levels  for the different measure- 
ment  points depending on the accelerometer sensitivity. 
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Ring gear housing 
- radial 

Lift link clevis 
- vertical (pos.5) 

Mast upper bearing support 
- horizontal 

Input shaft bearing housing 
- vertical 

Ring gear housing 
-radial (pos. 1) 

Main housing 
-radial (pos. 2) 

Basw,  aft corner 
-vertical  (pos.3) 

Base, forward corner 
- vertical  (pos.4) 

Legend: 

* Location and orientation of excitation force 

■♦»       Location and orientation of accelerometer 

Notes; 
Accelerometer« in positions  1  through 5 remained in position 
shown for all excitations. 

Accelerometers shown alongside excitation force changed positions 
with change of excitation.    Data for each of these positions are 
listed under position 6  In the data tables. 

Figure 47.    Location of Excitation and Accelerometers  for Gearbox 
Housing Structural Response Measurements. 
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TABLE XXXI.    MEASURED CASING RESPONSE 
Excitation(1) Applied to Mast Upper Bearing Support 
 Acceleration,  db  (rma) (2)  

Frequency 
Ht 

POSITIOK m 
i 

200 

300 

500 

700 

750 

800 

900 

1000 

1050 

1100 

1200 

1400 

1500 

1570 

1700 

1900 

2000 

2250 

2500 

2750 

3000 

3500 

A000 

4500 

5000 

5500 

5800 

6000 

6270 

7000 

7500 

6000 

8500 

9000 

10000 

50.0 

52.0 

52.5 

57.8 

63.8 

69.9 

73.8 

75 

80 

86.8 

33 

77.3 

78.5 

80 

82.5 

81.8 

72.0 

84.0 

88.2 

91.0 

96.0 

85.3 

91.0 

86.5 

86.4 

82.2 

82.5 

83.9 

73.0 

82.5 

83.3 

77.2 

77.7 

77.7 

59.8 

50.0 53.2 49.0 

50.0 49.5 49.5 

50.0 49.5 49.0 

50.0 50.5 49.0 

52.0 57.0 54.3 

5.4.2 62.0 59.0 

56.0 54.2 66.8 

60.0 67.4 56.0 

63.7 71.0 61.5 

64.5 71.2 65.4 

53.5 69.2 54.0 

52.5 57.7 55.4 

60.0 66.5 56.7 

61.7 54.2 50.5 

68.5 65.0 64.2 

66.5 68.0 69.5 

68.4 67.2 64.0 

74.5 76.5 70.0 

75.0 80.0 74.0 

65.5 89.3 73.8 

76.3 79.0 85.5 

78.7 87.9 80.2 

76.3 74.5 74.5 

77.0 93.0 97.4 

75.5 79.6 75.7 

70.5 72.2 70.0 

74.0 71.0 77.8 

67.0 75.4 75.0 

63.5 74.3 74.7 

72.0 78.5 67.5 

77.5 64.8 77.5 

80.0 61.0 70.0 

76..' 71.5 71.5 

75.2 

76.0 

70.5 

75.3 

71.0 

60.0 

49.5 57.0 

50.0 58.7 

50.5 58.0 

52.0 68.3 

52.5 76.3 

54.5 76.4 

57.7 82.0 

60.0 85.6 

66.2 91.0 

72.0 95.5 

64.3 90.0 

59.8 80.0 

55.5 78.0 

57.5 77.7 

65.5 62.5 

77.5 89.0 

76.0 9i.O 

72.5 94.6 

76.0 110.0 

90.5 111.2 

94.0 113.2 

85.7 118.6 

71.5 105.7 

71.0 106.5 

64.5 106.2 

77.0 98.0 

81.5 104.4 

66.5 103.3 

70.0 98.3 

72.5 95.0 

64.7 89.7 

61.0 95.0 

66.0 96.8 

70.0 93.6 

61.0 96.0 

(1) Drive  force wai  3.165   lb p-p. 

(2) Reference   values  depend  on  acctUrometer   sensltivltcl  and vftre  at  followa: 

2   (5.8 x   10"5g),   3(5.7  x  10'5g),  4(5.2 x   in"5g),   5(5.2  x 

(3)    Accelerometer   potltlona  are   Identified  on  Figure   47. 

10"5g),   6(4.9  x   10"5g) 
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TABLE XXXI.  - Continued 

Excitation^) Applied at Input Shaft Bearing 
Acceleration, db (rms)^ 

Support 

Fraqutncy 

200 

300 

400 

A75 

$00 

600 

700 

800 

900 

970 

1000 

1050 

1100 

1150 

1200 

1300 

1500 

1750 

2000 

2100 

2250 

2500 

2750 

3000 

3250 

3500 

4000 

4500 

5000 

5300 

6000 

6100 

6500 

7C00 

8000 

9000 

9500 

9800 

10000 

rosmoa (3) 

50.0 49.5 49.4 30.3 69 ^ 31.7 

50.8 49.7 52.0 34.5 49.3 36.0 

50.5 49.2 49.5 49.5 49.5 38.0 

50.9 49.5 50.0 49.5 50.0 72.0 

50.6 49.5 49.7 49.8 50.8 70.0 

49.5 49.5 49.5 49.5 50.0 63.0 

50.5 45.5 52.3 53.0 49.4 64.7 

51.0 49.7 55.0 53.2 50.0 64.7 

SO.2 49.8 49.8 59.0 50.0 64.0 

35,9 51.5 55.8 53.3 50.0 73.5 

55.9 49.7 34.8 52.0 50.0 50.0 

35.8 50.0 51.5 51.0 49.5 63.5 

53.0 52.6 51.0 50.5 51.0 61.5 

57.0 50.0 50.0 52.7 49.5 69.4 

58.5 51.8 49.8 50.0 50.7 61.0 

58.7 52.0 49.5 52.0 51.4 65.3 

57.0 52.0 52.0 54.2 50.7 65.2 

58.0 60.7 59.3 60.3 60.0 87.0 

81.8 75.0 77.3 77.0 75.5 103.7 

81.3 32.0 82.6 80.4 79.8 103.0 

78.0 82.5 84.0 73. V 81.5 106.3 

77.0 74.2 71.7 67.5 79.0 98.0 

76.5 78.3 83.2 74.0 87.5 91.0 

66.3 79.7 79.3 70.0 81.5 93.0 

73.0 78.7 75.0 70.0 92.0 91.2 

80.6 76.0 73.7 67.2 78.7 86.0 

73.3 68.5 59.5 59.5 57.0 93.8 

61.0 60.5 77.7 78.8 57.0 88.5 

55.6 65.0 64.7 60.2 51.0 86.0 

66.8 70.8 62.0 71.2 56.4 88.8 

63.8 65.3 77.0 70.4 63.2 93.0 

58.5 66.4 74.8 66.2 60.0 95.7 

73.9 79.7 68.4 76.0 72.0 96.4 

70.1 73.5 72.4 73.2 63.7 96.4 

67.3 72.5 70.7 64.5 61.0 82.7 

61.0 65.5 58.6 73.5 30.0 87.4 

63.5 77.8 73.8 60.2 51.3 88.0 

80.0 64.2 82.0 83.2 80.7 83.4 

81.7 77.6 65.2 73.6 73.8 98.0 

(1) Drlvt fore« «•• 3.165 lb p-p» 

(2) Kaftrtnci valuti dtoend on iccaltroMCar ■•mitlvlcti tnd «art aa followa: 

2(5.« x 10'5t).  3(5.7 x 10* 

(3) AccaiaromCar poiUlona ara Idmtlflad on flgura 47 

4(3.2 x  lO"'!).  3(5.2 x 10"Ji),  6(4.9 x  10"5«) 
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TABLE XXXI.  - Continued 
Excitation^) Applied to Ring Gear Housing 
    Acceleration, db (ms)'2' 

b 
JSOSSL <»> 

100 *«.o 41.0 4t.l 11,1 4».0 51.0 

MO M.O 4».4 il.O >1.0 41.7 M.4 

400 50.7 41.] 41.7 M.O 5).« 54.0 

500 51.0 »I.I 41.1 M.l M.4 • 1.1 

MO 31.: 4f.S 41.1 M.l 51.0 M.4 

MO M.I M.4 M.l 17.1 M.O 71.3 

MO »!.] ».4 M.O 4*.I 50.0 74,1 

1000 H.l 34.1 57.t St.l 54.0 77,7 

10M 71,1 ».0 47   1 11.> 11,1 71.4 

UM It.« M.l M.l M.7 •l.i M.4 

UM ».1 37.1 M.l 11,0 70.0 7S.4 

UM 70.0 M.4 M.l 41.0 53.0 77.1 

1M0 70.1 )t.O 51.1 St.5 57.1 77.4 

mo M.l 53.3 55.0 4».5 54.2 79.7 

UM M.O 53.2 55.0 51.4 tl.l •2.0 

use 71.J 4».5 Mt it.O 65.4 •3.0 

1)00 71.2 50.1 57.3 s».a tt.2 M.O 

DM 75.0 54.i 57.0 s».o 64.5 «5.4 

1*00 75.0 M.t sa.i 54.5 66.2 86,7 

1750 75.0 u.s M.l 63.2 63.4 »0.5 

IMO »0.2 »».5 70.7 6».3 73.7 104.1 

2000          | M.l 75.7 7t.t 74.0 73.2 100.0 

21M »1.« ;«.» 77.1 73.7 76.4 100.1 

2150          1 »3.0 75.6 71.4 62.0 73,1 95.a 

22M         ! (t.O 7i a 7«.« 4».3 7t.? 96.7 

2*00 «».0 72.5 71.1 72.0 tt.O 101,3 

2500 »7.1 i7.i 14.0 63.1 '7.2 »5.0 

27M »7.» •1.2 71.1 •4.0 a» .4 98.4 

JOOO »6.1 •3.3 •2.t 76.3 91,4 97,• 

5250 101.1 »0.5 •0.4 »4.0 98,5 104,4 

5500 »7.« •5.» • 1.0    . ao.« ",0 105.4 

3750 102.1 »7.4 H.l • 1.5 79.! 107.4 

»000 »7.0 7«.t •i.2 73.4 t9.e UO.4 

»250 »5.0 • 2.7 ••.7 •4.8 n.o 106.4 

4500 »t.O 7t.5 »2.2 »0.2 '6.2 99.4 

4750           | »t.O »0.0 »0.a • 3.1 J-J.l, 101.t 

.,000          ! »0.3 • 1.4 •2.4 71.6 t).2 »4.6 

5250 U.7 M.4 14,1 •».2 ".8 100.2 

5500         | 79.) 7t.7 ts.o 74.6 64,t »0.1 

MOO          1 •5.7 •0.7 •».2 • 6.7 68.4 »f.t 

MM M.O 70.0 53.• • !.• 66,8 »■1.2 

70M • 1.» 74.3 74.• 43.4 66,5 •4.4 

1000          | •».2 71.• 43.D 73.6 62,0 • '.' 
MM It '2.0 tt.O 70.9 62.0 95.6 

»MO »0.5 »7.a 44.5 70.3 tO. 7 »0.8 

100M          | M.O 73.3 5».4 M.l 47,0 »0.0 

(1) Del«« fore« Mt 3.165 lb p-p. 

(2) Mfaranc« vaiuat i9fn4 on •ec«urartcac omattiviclM *n4 Mt« •• follow» 
3.»    „. , . „-5 io's«). 2(5.0 a  10'Ji), 3(5.7 •  10    »), »(5.* 

(Ij    4cc«Uf»t«t >»«ltloM «r« tMBtltt« o« fl^r« 47 

3(5.2  I   JO"1«),   6(4.9 I   lO-5») 
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Figure 48. Gearbox Housing With Electromagnetic Shaker and 
Accelerometers for Structural Response 
Measurements. 
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APPENDIX III 

(ZAR    MEASUREMENTS 

GENERAL METHODS OF GEAR INSPECTION 

The techniques that have been used to Inspect gears for commercial purposes 
fall into two classes:    analytical and composite.    These techniques have 
been developed as a result of the needs of industry.    Virtually all gears 
in comnerce are bought and sold on the basis of their quality as well as 
their geometric and metallurgical features.    Gear inspection techniques 
have evolved as a simple means of assuring that contractual obligations 
pertaining to the quality of the gear manufacturer have been net.    As a re- 
sult,  the more conventional "analytical" inspection techniques measure 
specific geometric features of gear teeth by methods that are both 
reasonably accurate and convenient.       jwever, these measurements do not 
necessarily reflect the degree to which the individual features of the 
teeth contribute to noise or vibration. 

A large number of gears are evaluated commercially en the basis of a com- 
posite test.    This test is one in which the gear to be evaluated is run 
very slowly in tight mesh with a "master" gear on a gear rolling checker. 
This machine holds the gears together under spring tension and displays 
or charts variations in tight mesh center distance as the gear under in- 
spection is turned through one revolution.    This method of inspection 
evaluates certain geometric  features of the teeth as they are "seen" by 
another gear.    Since the teeth must be  in tight  (no backlash) mesh and 
since the measurement of errors is made radially or at right angles to the 
path along which the teeth drive,   this method also does not evaluate 
geometric errors directly in terms of their dynamic characteristics. 

A new innovation in gear measurement has been introduced by Buckingham 
Associates of Springfield, Vermont.     This method of measurement is still a 
laboratory techrique.    It is not in general industrial use.     It does, how- 
ever, measure tie running qualities of the gears under inspection.    Of all 
the gear mearjri.ig techniques available,  this technique comes closest to 
providing data on gear quality that are applicable to the evaluation of the 
noise or vibration levels that will be produced by a gear after it is 
assembled. 

A shortcoming in common with all composite  inspection techniques, however, 
is the  lack of means of applying the design load to the gear while being 
measureo.     In many high-quality gear designs, a feature  leading to the 
success of the unit is profile modification.    The  tip,  and in some cases 
the flank of the  tooth near the root,  is modified away from an exact 
involute curve.    Since the teeth will deflect under load,  the modification 
is intended to be such that when ehe teeth are loaded,  the portion of the 
teeth contacted by the mating gear will appear to the mating gear to be 
involute.     Under light or nc  load conditions,  the teeth with such modifi- 
cation will not run in the same way as when deflected under  load.    Thus,  a 
composite-type check of relatively accurate gears designed for heavy loads 
is not an adequate indicator of full load performance. 
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GKAR ERRORS AND AHALYTICAL MEASUREMENT IBCHNIQUBS 

The analytical characteristics most comnonly measured are the following: 

1. Runout (also: 
2. Pitch    (also: 
3. Profile 
4. Lead 

Out-of-Roundness) 
Tooth Spacing) 

All of these are associated with the active profile of gear teeth.    By the 
active profile is meant that portion of the tooth surface that makes actual 
contact with the active profile of the mating tooth during some portion of 
the meshing cycle.    The active profile is bounded lengthwise by the end 
rounds of the tooth,  if such are present, or by the faces of the gear blank. 
Its inner boundary Is the minor form diameter, and its outer boundary is 
either the outs5.de diameter of the blank or the beginning of the tip round. 

Runout 

In an ideal gear, the teeth are assumed to be located on the surface of a 
perfect cylinder, itself rotating about its true axis. The runout Is the 
departure fron this ideal geometry. Each of the measurement techniques 
used has its own way of finding or expressing this departure. The inter- 
pretation of the inspection data is generally an attempt to account for the 
errors in termn of the gear cutting process. This approach is acceptable 
since most gear inspectors are familiar with gear manufacturing techniques, 
and since inspection is ccncemed with controlling the process as well as 
the product. The drawback of this approach, however, is that it becomes 
very difficult to obtain measuremeut-.s from gear inspections that can be 
used to predict the kinematic qualities of the gears. 

Typical measuring techniques for runout »re 

1. Over wires measuremept - A pin is placed in successive tooth 
spaces of a gear mounted on bench centers and free to turn. 
A dial indicator is placed over the pin so as to make radial 
readings. Variations in tooth space widths will allow the pin 
to lie at different radii relative to the axis of rotation. This 
test compares the widths of successive tooth spaces as defined by 
a chordal dimension on a measuring pin which is essentially con- 
stant. 

2. Span measurements - A pair of fingers having parallel cylinders 
or balls at tbair dps may be used to contact the driving and 
coast sides of the gears. These fingers are preset at a specific 
separation. The fingers can contact both sides of either one 
tooth space or one tooth at a •■ime. The fingers are driven into 
the tooth space radially, and the variations in depth where they 
contact the active profiles are recorded. 
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fitch 

Pitch is  the distance between corresponding points on adjacent teeth. 
Errors In pitch are measures of the inconsistency of these distances and 
are expressed in several different ways. 

1. Pitch error, also known as tooth-to-tooth spacing error,   is  the 
maximum difference in the arc  (or the chordal distance)  from a 
point on one tooth profile  to a corresponding point on an adja- 
cent p ofile.    Usually the measurements are taken at or near the 
standard pitch circle,  although there are some occasions wherein 
the measurement is taken along  the line of action. 

2. Pitch range,  also known as total error,  is the difference between 
the minimum and the maximum pitch error noted In an entire gear. 

3. Index error,  Bometimes called accumulated spacing,   is  the  largest 
angular error between any two teeth on a gear. 

Profile 

In spur and helical gears of involute tooth form,  the profile measurement 
is made  in the plane of rotation to determine how closely the active pro- 
file measured from root to tip corresponds  Co the theoretical or specified 
profile.     To measure profile,  special gear tooth measuring machines are re- 
quired.    Most of these operate on the principle of generating a theoretical 
Involute curve of the correct base diameter and of using this  to tram an 
indicator or stylus along the active profile.    Involute errors are  the de- 
partures  from the  theoretical curve measured normal to the  gear tooth sur- 
face. 

There la no practical way in which to measure the profiles of bevel gears. 
These profiles vary continuously from the  Inner (toe) end of  the  tooth to 
the  large outer  (heel) end.    Moreover,   the profiles of bevel gears are not 
involute.    They may be of any of a  large number of profiler.     Bevel gear 
profile  la generally checked by tooth bearing pattern checks.    These  give 
only a qualitative  Indication. 

Lead 

Gear teeth have  length, and in order to carry load and to mesh smoothly, 
the contacting suifaces must be parallel.     In the case of spur gear  teeth, 
the elements of  the contacting faces must be parallel to the axis of rota- 
tion.     In helical gears,  the elements must make a constant angle at any 
given diameter with the plane of rotation.    Any departure  from the correct 
angle between the  tooth elements and the  plane of rotation is called a 
lead error. 

Lear1  is measured by moving an indicator or recording stylus  along the 
length of the  tooth on a theoretically correct path and by recording the 
surface departures  from this path.     Spur  gears are neasurod  on equipment 
that is   little more  than bench centers.     Helical gears require a 
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specialized inspection machine chat can move the stylus along a very pre- 
cise helix. 

Lead is usually checked on or near a pitch  line element of the tooth.     It 
should be checked from one  face of the gear blank to the other.    A small 
allowance  is often made  for the effects of edge  round on the  teeth. 

There is no convenient method of measuring the equivalent of "lead"  in 
spiral bevel gears.     This characteristic of the gear is measured ir  the 
same bearing pattern check mentioned in connection with bevel gear pro- 
files.    As with the profile,  this technique does not yield numerical re- 
sults. 

COMPOSITE MEASURING TECHNIQUES 

The most comnon composite measuring technique is the gear rolling check. 
In this technique,   the gear to be inspected is held by spring force  in 
tighr. mesh  (double  flank)  contact with a master gear on a gear rolling 
fixture.    The gear rolling fixture supports  the axes of the gears in mesh 
such that they remain parallel (for spur and helical gears) while one axis 
Is free to move closer or farther from the other.    A dial indicator or a 
recording system makes observable the motion of the movable shaft axis 
while the gear being Inspected is rotated through one complete revolution. 
This device is shown schematically in Figure 49.    As the work gear is 
slowly turned, changes in the thickness of the teeth going through mesh 
cause changes in center distance.    The  features of the gear teeth that can 
be sensed by the mating master gear and that can be  translated Into varia- 
tions in center distance are presented in composite  form, as in the exam- 
ple shown in Figure  50.    Three elements of the composite form are used as 
measures of quality. 

1. Tooth-to-tooth action - composite error - As an individual tooth 
goes through mesh,  any departures from a perfect lead, profile, 
or spacing tend to appear to the master gear to be a change  in 
perfect tooth thickness.    Thus,  a small change in the center 
distance occurs to accommodate  these  imperfections.    The chart 
shows small wiggles resulting from '.he tooth-to-tooth errors 
going through mesh.    The "maximum" tooth-to-tooth composite error 
is the  largest difference found  in the peak-to-valley readings 
over any length of chart equal  to 360 degrees/number of teeth in 
gear. 

2. Runout and out-of-round - As the gear is rotated through a full 
revolution,  all departures from perfect concentricity,  or out-of- 
roundness, will be charted.    These two features can be seen by 
smoothing out the tooth-to-tooth action wiggles,    Runout will ap- 
pear as a single sine wave in the Interval of one revolution. 
Out-of-roundm   o will appear as superimposed distortions  In the 
sine wave or as independent variations,  if there Is little or no 
runout. 

3. Total composite error - The extremes  in variation of center 
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Figure 49,    Schematic  Diagram of a Gear Rolling Fixture, 

I  REVOLUTION    (S»0*)    OF   «OKK   «CAR 

Figure 50. Chart of Gear Tooth Errors of a Typical Gear When 
Run With a Master Gear on a Gear Rolling Fixture. 
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distance  that appear as a combination of the tooth-to-tooth com- 
posite error and the runout establish the total composite error 
for the  gear. 

The actual "size" of the gear (large or small)   is shown by the  relative 
position of the  total composite error trace on the chart.    When it  is de- 
sirable to establish  limits to tooth or gear size,  this can be done by 
means of allowable  limits on acceptable center distance variation in the 
gear testing fixture.    These limits are shown in Figure 50 as a "Maximum 
Setup Center Distance" and a "Minimum Setup Center Distance". 

It should be emphasized that although gear errors are measured as "seen" 
by a perfect mating gear  (a master gear),   this method of testing does not 
directly measure  the kinetic effect of the errors on gears  in action. 
First,  all measurements are made normal to the pitch surfaces.    This is 
about a right angle  to the direction that  the kinetic errors will act. 
Secondly,  the method involves a double flank contact.    The master gear 
teeth detect errors on both sides of a gear tooth simultaneously.    As a re- 
sult, errors on the non-driving side  (coast side)  of the teeth have  an un- 
due influence on the readings. 

A second composite measuring technique is  the gear cardiograph check. 
This is a recent development in the  field of composite checking.    At  the 
present time,  this equipment is being used primarily to evaluate the 
meshing quality of gears on a laboratory basis rather than as a means of 
production inspection.    As yet,   it is not  in general use in the gear 
industry. 

The cardiograph measures the angular displacement of a work gear relative 
to its  theoretical position as it is driven by a perfect  (almost)  rack. 
Any errors on the gear tee-h in the plane of measurement tend to displace 
the work gear behind or ahead of where  it should be at that specific 
Instant.    These errors are then recorded in chart form, which is a plot of 
displacement versus angular posi.ion of the gear. 

Figure  51 shows  the gear cardiograph manufactured by the Dover Instrument 
Corporation.    The basic measuring element of the cardiograph is a worm 
having an involute helicoid.    Such a worm will mesh with a spur gear or a 
helical gear with a straight line contact   (line of action).    The master 
worm of the cardiograph is made to an extreme degree of precision.    A 
master worm is used in place of a master gear,  since the worm can be made 
to a somewhat higher degree of accuracy then can a conventional master gear 
with a similar expenditure of effort.    The meshing contact between an in- 
volute helicoid and the work gear is the  same as the contact between a 
rack and the work gear.    The worm is driven by a synchronous motor through 
a highly precise  change gear train. 

The instantaneous angular position of the work gear is measured electron!-« 
cally by light passing through a 16,000-line optical disk which is mounted 
on the work spindle.    This spindle is supported by an air bearing;   thus, 
the effects of stick-slip which would mask small errors are minimized. 
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Figure 51. Gear Cardiograph. 
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The  cardiograph does not segregate errors as is done, by analytical checks. 
The  cardiograms show concentricity of  the gear as a basic  sine wave.    The 
spacing errors appear as a series of plateaus,  one  for each gear tooth, 
whose height Is a function of both the  Individual spacing and  the effects 
of out-of-posltlon produced by concentricity.    Figure  52 shows a portion of 
a sample cardiogram and contains  Identification of some of  the errors It 
reveals.     Since the cardiograph measures along the  line of action and de- 
tects  all errors In a plane of  rotation  (this would exclude effects In 
variations  In lead).   It  Is  the  best  Index of manufacturing error contribu- 
tion to operational noise. 

INSPECTION OF UH-1D TRANSMISSION GEARING 

The gears Inspected Included two of each of the main drive gears: Input 
stage spiral bevel pinion and gear, lower planetary stage sun gear, upper 
planetary sun gear, planet gear common to both planetary stages, and com- 
bined ring gear for the two planetary stages. Because working-quality 
gears could not be released from Government Inventories, these gears were 
selected from rejected production parts but, were Insofar as possible, of 
representative, acceptable quality In those features which related to the 
measurements planned. 

The  types of measurements made were  those judged to be most commonly used 
to control gear quality and most commonly associated with noise generation. 
They included measurement of tooth spacing errors and runout on all gears, 
tooth  profile on all external  spur gears,  and composite  gear errors on all 
external  spur gears. 

The measurements of tooth spacing,  runout,  and profile were performed on 
the Hofler Gear Measuring Machine.    Figures 53 through 60 show some of the 
gears  in the process of being measured on the Hofler Machine.     This machine 
was selected because of its  Inherent accuracy and because  its  inspection 
process  is  fully automatic.    This  latter feature Is valuable  in restric- 
ting human error.    Measurements were made by the machine manufacturer at 
his plant  In Ettlingen, Germany.    This arrangement was chosen in preference 
to the  use of a machine  In the  United States In order to take advantage of 
the manufacturer's thorough  familiarity with his machine and  Its use. 

The composite  gear measurements were performed on the gear cardiograph 
manufactured by the Dover instrument Corporation of Waltham,  Massachusetts. 
The measurements were made by Buckingham Associates,  Inc., of Springfield, 
Vermont.    Figure 61 shows one of the gears in the process of being measured 
on the  gear cardiograph. 

Typical measurements in the  form of charts from each of the  four Inspection 
processes are  given in Figures 62 through 65.    The  illustrations and the 
above  information on the typa of measurement,  the equipment used,  and the 
gears measured are summarized in Table XXXII. 
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Figure 53. Measurement of Runout on the Input Stage Spiral 
Bevel Pinion Performed by the Hofler Gear 
Measuring Machine. 



Figure 54. Measurement of Runout on the Input Stage Spiral 
Bevel Gear Performed by the Hofler Gear 
Measuring Machine. 
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Figure 55. Measurement of Runout on the Lower Stage Planetary 
Sun Gear Performed by the Hofler Gear Measuring 
Machine. 
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Figure 56. Measurement of Runout on the Planet Gear Performed 
by the Hofler Gear Measuring Machine. 
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Figure 57, Measurement of Tooth Spacing on the Input Stage 
Spiral Bevel Gear Performed by the Hofler Gear 
Measuring Machine. 
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Figure 58. Measurement of Profile on the Lower Stage Planetary 
Sun Gear Performed by the Hofler Gear Measuring 
Machine. 
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Figure 59. Measurement of Profile on the Upper Stage Planetary Sun 
Gear Performed by the Hofler Gear Measuring Machine. 
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Figure 60. Measurement of Profile on the Planet Gear Performed 
by the Hofler Gear Measuring Machine. 
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Figure 61. Measurement of the Lower Stage Planetary 
Sun Gear on the Gear Cardiograph. 
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Figure 63.     Tooth Spacing Measurement of the Lower Planetary Sedge 
Sun Gear as  Measured on the Hofler Gear Measuring 
Machine. 
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Figure 64.  Profile Measurement of the Lower Planetary Stage 
Sun Gear as Measured on the Hofler Gear Measuring 
Machine. 
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APPENDIX IV 

GEAR EXCITATION ANALYSIS 

INTRODUCTION 

One of the desired characteristics of the ideal set of gears is the trans-
fer of motion with an absolutely constant speed ratio. As each pair of 
teeth goes into and out of engagement, the rotation of the driven gear will 
follow exactly the motion of the driving gear without any instantaneous 
changes or errors. In order to achieve this ideal transfer, or conjugate 
action as it is known, the shape of the gear teeth is designed to match a 
mathematical curve which is consistent with the requirement. In the case 
of helicopter transmission gearing, as in most other gearing in general 
use, the mathematical curve used is the involute of the circle. However, 
despite the use of the proper mathematical model, actual gears do not give 
this perfect motion. The departure from the ideal is due to various 
causes. The two most significant are the nonuniform deflection of the gear 
teeth and the manufacturing errors in the shape or spacing of the gear 
teeth. These effects combine to introduce instantaneous changes or irreg-
ularities in the transferred motion. In some gearing applications, the de-
viation from pure conjugate action is undesirable simply as a motion error. 
In helicopter gearing, the irregularity of motion becomes oue of the major 
sources of excitation of vibration in the drive system, especially of the 
vibration associated with noise production. 

The purpose of this analysis is to make an evaluation of these motion ir-
regularities as deviations from purr conjugate action as a pair of loaded 
spur gears goes into and out of engagement. It is intended that the 
analysis will use only conventional gear design data and conventional gear 
measurement data and that the final results will be in a form suitable for 
introduction as excitation values in any subsequent vibration analysis. 

In the course of fulfilling this purpose, the analysis also provides other 
useful information about the gear action. Along with the point-by-point 
values of the difference in motion between driving and driven gears are 
found the point-by-point values of the load transmitted by each pair of 
teeth in engagement, A plot of these values portrays the load transfer as 
one pair of teeth is at first joined and then replaced by the following 
pair. Another uftllll 'utcorne of the analysis is the deflection data needed 
to compute mean ' ooth stiffness. 

LIMITATIONS AND iSI^PTIONS 

The limitations of design and operation and the major assumptions on which 
the analysis is bised are listed belJW. er assumptions are given later 
in the section de iling with the derivations of formulas. 

1. Only spu gears are treated, and th<>se are treated only in the 
two case:, of 

a. an external gear driving an t 'ernal gear and 
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b.    an external gear orlving an internal  gear. 

Straight bevel gears may be treated in an approximate manner by 
replacing them with equivalent spur gears by Tregold's Approxi- 
mation. 

! 

- 

2. The working portions of the tooth protlles are essentially 
involute.    Design and manufacturing profile deviations are small 
enough so as not  to affect  load  location,   load direction,  or  tooth 
stiffness. 

3. There  Is no tip  interference,  either due  to excessive addendum 
length or due  to  tooth deflection under  load. 

4. The spur gear centers are at a fixed spacing,  or at a spacing that 
stays constant under constant  load. 

5.    In any single Interval between the pitch points of two successive 
pairs of teeth,  contact and load carrying are  limited to the two 
successive pairs of teeth.    In the same interval,  there must be at 
all times at  least one pair of teeth In contact and carrying load. 
This prevents consideration of cases where  the  contact ratio is 
less than one or more  than two;   it may in some unusual designs 
also eliminate cases where the contact ratio has certain inter- 
mediate values. 

6. The  load is assumed  to be  transmitted uniformly across  the  face of 
the gear except for normal end effects in stress distribution. 
This excludes any consideration of face crowning,   lead modifi- 
cation,   lead manufacturing error,   gear windup,  or nonunlform de- 
flectJon of gear supports. 

7. The total  load  transmitted is constant in magnitude and direction. 
This signifies  that  there  is no consideration of secondary effects 
of dynamic  tooth  forces developed as a result of  the gear excita- 
tion.    This also  signifies that  the possible  effects of tooth 
sliding friction are  not considered. 

8. All variations in  tooth deflection as  the  load point moves along 
the  tooth profile either are confined to elastic effects on the 
tooth alone or can be  supplied as point-by-point  compliances as 
part of the  input data.     This means  that variations such as might 
icsult from the deflection of thin rims are  not calculated by the 
analysis; however,   if supplied,   thay will be  given proper con- 
sideration. 

9.    Any lubricant film separating the  pair of mating teeth is assumed 
to have a constant  thickness which is  independent of the magnitude 
or the  location of  the  transmitted  load.     The contact deformation 
is assumed  to be  independent of the  lubricating film. 

10.     The measured  tooth  profiles  for each set of  two adjacent  teeth on 
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the same gear are assumed to be identical. 

DESCRIPTION OF ANALYSIS 

The analysis contains five phases.    The specific equations used and their 
origin or derivation are gl"£n separately in the next section. 

The first phase determines the engagement conditions for any single pair of 
teeth.    It starts with the basic design information for the aet of gears 
under study,  the kind of information which normally appears on the individ- 
ual gear drawings.    These data include the operating pressure angle and, 
for each of the gears, the number of teeth and the following radii:    pitch 
circle, outside (or inside on a ring gear), base circle, root circle, and 
T.I.F.  (i.e., radius to beginning of the Involute profile).    By using this 
information,  the angle* of approach and recess for each of the gear« arc 
calculated.    By using a similar calculation, the rotation angles which are 
related to two points on the involute profile, at the root radius (for the 
extended Involute) and at the T.I.F. radius, are found.    Next,  the angular 
spacing between adjacent gear teeth on each gear is divided into a con- 
venient odd number of equal intervals, using the radial line through the 
pitch point as the zero reference.    By comparing the values of angles vssc- 
clated with each of these subdivisions to the angles of approach and recess, 
the analysis determines whether the condition of engagement la present at 
that particular subdivision or calculation point.    With the proper matching 
of such Information from the two gears,  the analysis determines whether one 
or two pairs of teeth will be in simultaneous engagement.    The other angles 
mentioned above are also compared to the angles of approach and recess to 
provide some checks on possible errors or limitations in the original gear 
designs. 

The second phase concerns itself with calculating the coordinates of the 
involute profile or, more simply, with defining the point-by-point dimen- 
sions o* each gear tooth.     It uses the data supplied or computed in the 
first phase with the addition of the  fillet radius and of the circular 
tooth thickness measured along the pitch circle.    This additional informa- 
tion is also normally specified on the gear drawing.    If the  latter is not 
so specified,  it can be approximated from the circular pitch and backlash 
data.    For each of the gears,  the calculation process considers separately 
each of the subdivision angles selected in phase one and found to lie with- 
in the angles of approach and recess.    Each angular position is then asso- 
ciated with a point on the involute profile.    The direction of the  line of 
action (or more simply,   the  load direction) at this point relative  to the 
tooth centerline is found.    The calculation goes qn to determine the co- 
ordinates of these points relative  to the same centerline.    A separate cal- 
culation is used to find the coordinates of a point on the rout circle 
which lies halfway between the tangent point of the fillet radius on the 
root circle and the point on the  Involute extended to the root circle.    If 
the root circle lies within the base circle,   the limit of the involute pro- 
file,  the extension is taken as the radial line to the end of th«. Involute. 
This halfway point at tue fillet  is considered as the end of the effective 
thickness of the tooth at its point of support ou the gear rim. 

L 
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The third phase is devoted to calculating the unit elastic compliance of 
the gear tooth for each load position.  In addition to the data used and 
developed in the previous phases, this phase requires the face widths of 
the gear teeth, the load transmitted by the gears, and the elastic proper- 
ties of the materials from which the gears are made. These Utfer include 
the tensile and shear moduli of elasticity and Poisson's ratios.  The four 
•aajor contributing elastic deformations are considered.  The gear toofh la 
first treated as a wide, uniformly loaded cantilever in bending.  Because 
of its stubby proportions and tapering outline, this cantilever requires 
consideration of more than the usual factors.  The applied load has a 
transverse component which acts as an applied concentrated load on this 
cantilever. The axial component of this load, because it is eccentric from 
the tooth center line, acts to apply a moment to the cantilever at the load 
point. This second load condition tends to oppose the first, and it is the 
combination of the two which establishes the cantilever beam component of 
deflection. The tapered outline comes into consideration in connection 
with the rotation of the transverse section at the load point which accom- 
panies the beam deflection.  This rotation shifts a greater tooth thickness 
over to the fixed point of load application, thus, to some extent, further 
offsetting the basic cantilever deflection. The nonuniform crosssection of 
the beam necessitates a summation process for calculation of the net 
bending deflection. The gear tooth is therefore treated as a composite of 
uniform "slices", with the slice lines located at the profile calculation 
points determined in the previous phase. The final slice, at the base of 
the tooth, lies between the profile calculation point closest to the root 
and the root section passing through the fillet halfway point, also 
determined in the previous phase. 

The next elastic deformation considered is that due to shear deflection in 
the g&ar tooth resulting from the transverse component of the applied load. 
Because the shear deflection takes place without any rotation of sections, 
there is no shifting of greater tooth thickness to the point of local ap- 
plication.  In calculating the shear deflection, the same slicing into 
uniform depth sections as described above has been used. 

The effect of the axial component of the applied force in compressing the 
gear tooth, thus adding to the normal displacement at the load point, was 
found to be small in comparison to the other deformation and was therefore 
not treated. 

The tooth as a cantilever beam undergoes a further significant deflection 
in that the beam as a rigid member rotates against the supporting restraint 
in the gear rim. The calculation of this deformation assumes that the rim 
is sufficiently thick in relation to tooth thickness to Justify treatment 
as a semi-infinite restraint.  This calculation requires only the effective 
thickness of the beam at its support and the net cantilevered moment and 
therefore is independent of the changing tooth outline. Although this 
foundation rotation is accompanied by a foundation shear deflection, this 
latter effect was small enough to be ignored. 

The final contributing elastic deformation is that due to the contact or 
Hertzian deformation at the load point.  There are various and conflicting 
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methods  for  the evaluation of  this deformation.     The one  selected for this 
analysis was  a modification of  an empirical relationship developed  for 
roller  contact deflection  in roller  bearings.     This  relationship had  two 
special advantages.     It was  in  part based on deformation  in the  case of a 
convex  surface   loaded onto  a   .'oncave  surface,  which  is   true   in  the  case of 
a pinion  loaded onto a ring gear.    Also,   the empirical  relationship took 
into  account   the kind of end effects  present  in  the   load distribution 
across   the  gear  face.     Since   the  contact  or Hertzian deformation  is non- 
linear,   that   is,   it  is dependent on   load,   the   load  becomes  a  factor  in this 
deformation calculation.     At   this  stage   in the  analysis,   the  actual  load 
sharing which might be   taking  place   at each   .alculation point has  still not 
been determined,   so  that  the  actual   load  vaLes  cannot  be  used.     Instead, 
this  deformation calculation uses  an  average value   in recognition of  the 
fact   that   the  nonlinear effect   is quite   small  at other   than very  low  loads, 
and   that  any error resulting  from this  approximation will have   little ef- 
fect  on  the   total deformation calculated. 

The   four components of deformation are   summed up  for each  gear  design into 
combined unit  compliances  normal  to  the  gear  tooth  profiles. 

Tne   fourth  phase  of  the  analysis determines  the  rotational displacemeni. of 
the  driven  gear body  relative   to  the  driving gear body  as  a deviation from 
pure   conjugate  action.     Besides   the  data used and generated  in   prior phases, 
the  calculation makes use  of  profile  data giving deviation from a  true 
involute,   known compliance  of   the  structure  supporting  the  tooth,   and also 
any tooth  spacing error   (all of  these   for each of  the  two gears).     The pro- 
file   and  support compliance  data are  measured along  the   line  of  action,  or 
normal   to  the  tooth surface,   and are  related  to  the   individual  calculation 
points  using  the  pitch  point  as   the   zero  reference.     It   is  assumed  that 
successive   teeth on  the  same   gear have   identical profiles  and  support com- 
pliance  conditions.     The   tooth  spacing error  is measured  between pitch 
points  of  successive   teeth.     The  calculation treats  separately  the  case 
where  only one  pair of   teeth   is   in engagement and  the  case where   two pairs 
are   in engagement.     For each  of  the  calculation points with  the   former 
case,   the   total displacement  under  the  appli"-1   load  is   found  from the de- 
flection corresponding  to  the  calculated uni^  compliance,   as  combined with 
profile  or  spacing deviations.     ror  the  calculation points  at which  two 
pairs  of  teeth are engaged,   load  sharing  is determined by matching  the 
total  displacements,  deformations plus  deviations.     The   indication of a 
negative   load  required  at one  pa-'r  in order to achieve   this matching,  means 
that   the   full   load  is  taken at   the other pair and  that   the   total displace- 
ment   is  reevaluated accordingly.     This  calculation  then  results   in a value 
of  total displacement  at each  calculation point,  where  each  calculation 
point  corresponds  to a subdivision of   the  rotational  angle  between suc- 
cessive   teeth.     The   load sharing present with  two-pair engagement  also re- 
sults.     These   results are  changed  into   the more  convenient   form of  the 
values  as measured  tangent   to   the  pitch  circle. 

The   fifth  and   final  phase  of   the  analysis  takes   the  displacement  values of 
the  previous  phase  and,   considering  them as cyclic   in nature,   finds  the 
Fourier  coefficients of  sine  and  cosine  components which will  combine   to 
reproduce   the  cyclic displacement  curve.     It  is   this Fourier  calculation 
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which Imposed the condition of an odd number of subdivisions  in the  tooth- 
to-tooth rotational angle.    Although the Fourier calculation will provide 
coefficients  for the  sinusoidal functions up to a harmonic number equal  to 
the rr-mber of data points or subdivisions,   it  is possible  to  limit the 
printed results  to  the  first  few harmonics which will be of special 
interest.    When tooth spacing errors have been introduced,  the displace- 
ment pattern is not  cyclic,  and the Fourier analysis  should not be used. 

The com^ter programming of this analysis was so prepared that the results 
of each phase are provided along with the final results. This permits the 
use of the analysis to find any of the Intermediate results which might be 
useful for gear design and study. 

DERIVATION OF ANALYTICAL RELATIONSHIPS 

Analytical relations'alps  for four of the  five  phases of the  analysis will 
be presented.    These are  the phases that solve  for the  following: 

1. Engagement conditions 
2. Profile coordinates 
3. Elastic compliance 
4. Rotational deviations 

The final phase, which solves for the Fourier coefficients of the sinusoidal 
components of the cyclic rotational deviations,  uses  the standard mathemat- 
ical techniques.    This  requires no special presentation. 

The symbols for all  four phases ?.re given in one  list.     There  is extensive 
use of subscripts in the analysis.    These are   listed separately with expla- 
nations about how they restrict the majur symbol  to wivch they are 
attached.    The  final  section of the list contains  ths major symbols.    Some 
of  these are given with  their subscripts and  the  roi-e.s ending specific 
definition.    Other major   symbols, especially those whic-  appear in the 
text with various combiröLions of subscripts,  are   listed without  the sub- 
scripts and are defined  in  general tenr.s only       Combining tnese defini- 
tions witn those of the attached subscript., will  give  the specific defini- 
tions. 

The numerical subscripts  identify  the gear: 

1 driving gear,  always an external gear 
2 driven gear,  either an external or an internal gear 

A group of alphabetic  sabscripts  Identify o^lnts  oa  the  tooth flank: 

A        point at which  ..he mating gear  ix^th  first makes contact, 
the  point ff   .ha beginning of  t'.o "apj.  oach" action 

B        point on tht- base circle m«,t by the  involute curve extended 

E        point on the   root circle ht-lfway between points M and F 
defined below 
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F point    here  the  fillet radius  is tangent  to the  root circle 

G point where  the  fillet  radius is  tangent  to the   involute profile 

I point on the  inside or  the  tip diameter on internal gears 

J general point on the  involute portion of  the  tooth profile,  or 
on the involute curve extended beyond the  tooth profile.    Thi.s 
designation is related  to rotational positions of the gear or 
to points of contact with the mating involute 

K        general point on the  tooth profile.     This designation is used 
for the successive  segments of the  tooth used  in calculating 
its elastic properties. 

M        point on the  root circle and the  involute  profile extended, 
on both external and  internal gears 

0        point on the outside diameter on external gears 

P point on the pitch circle 

R        point at which contact  is  last made with  the mating gear tooth, 
that is,   the point at  the end of  the "recess"  action 

T        point which is  the manufacturing limit of  the  involute profile 
on its end  toward the  root circle 

Three  alphabetic subscripts  identify the direction of  forces and displace- 
ments or  their components: 

N        normal  to the  involute profile 

X        parallel  to the  radial centerline of  the  tooth 

Y        perpendicular to the  radial centerline of the  tooth 

A pair of alphabetic  subscripts   identifies  the  pair of mating teeth when 
meshing between two  successive  pairs is under consideration: 

C first pair 

D second pair 

Four   lower case  alphabetic  subscripts   identify  the mode  of deformation 
ander  consideration.     O.ie   letter   is  also accompanied by  a  numerical  sub- 
script  which  identifies   the   loading condition with which  the  ileforraation 
is  associated.     These  subscripts  arc  placed outside  of  parentheses 
fnclosing  the major  symbol. 

a bending of  the   tooth as  a cantileveied beam 
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a, bending as a cantil'jvered beam under a concentrated load 

a? bending as a cantllevered beam under a moment load 

b shear deformation of the tooth as a cantilevered beam 

c rotation of the tooth in the supporting structure at its base 

d contact or Hertzian deformation 

The major symbols are all alphabetic,  Greek letters are used for angles 
and nondiioensional ratios. Any set of consistent units may be used even 
though the program uses inches and pounds.  All angles are in radians.  The 
figure numbers after some of the definitions identify the figures in which 
they first appear. 

A 

B 

E 

E 
V 

F 

G 

I 

TK 

N 

N. 

R 

R1, 

area of  the  indicated cross section of  the gear tooth 

deflection at  the point of  loading.   Figure  70 

modulus  of elasticity of the  gear material 

modulus  adjusted  to account  for wide  teeth 

face width of  the gear tooth 

shear modulus of the gear material 

moment of  inertia of the  indicated cross section of  the gear 
tooth 

mean moment of  inertia of  the  cross-sectional area of  the  portion 
of  the  gear  tooth between points K and K-1 

length of  the  portion of  the gear  tooth between points  K and 
K-l,  Figure   70 

number of  teeth 

number of  intervals between two  successive  teeth,   selected  to 
give  convenient points  for computfitional purposes 

compliance  of  the  tooth surface   in the direction of  load,   i.e., 
the deflection    n this direction per unit of load 

radius  _o point  indicated by subscript,  Figure 66 

fillet  radius,  Figure 68 

SIK    distance  between the cross  section through point K and  that 
through   point  J at which  the   load   is  applied,  Figure   70 
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T        circular tooth  thickness at pitch circle 

U        compliance  at  the   load due to elasticity outside  the  tooth,  or 
its  adjacent supporting material 

V tooth spacing error between successive pitch points but adjusted 
to a line-of-act ion error, and positive when the second to^th is 
too close  to  the  first,  Figure  72 

WN 

X,Y 

load applied normal to the involute tooth profile. Figure 70 

abscissa and ordlnate of points on the Involute profile when the 
origin Is the center of the gear and when the x-axls is ehe 
radial centerline of the tooth, Figure 68 

tooth profile error, normal to the true involute form and 
positive in the direction of excess material. Figure 72 

a   angle of rotation of the gear from the position at which contact 
is at the Indicated point to the position at which contact is 
at the pitch point, Figure 66 

p   ratio of indicated radius to base circle radius 

a        angle of approach; also the angle oc  for the point of initial 
contact with the mating gear, Figure 66 

a_  angle of recess; also the angle a for the point of final contact 
with the mating gear. Figure 66 

Y angle of rotation of the cross sectfen of the tooth at the point 
J due to the load applied at J, Flgute ^ 

e   deviation in angular position from the theoretical of the driven 
gear relative to the driving gear, expressed as an angle on the 
Indicated gear, and positive when the driven gear is leading 
the theoretical position 

9   angle between two radial lines: the centerllne of the tooth and a 
line to the indicated point on the profile. Figure 68 

V Poisson's rat?,o for the gear material 

*   angle between two radial lines: a line to the Indicated point 
on the involute curve and a perpendicular to the tangent to the 
base clicle from the indicated point on the profile, Figure 67 

*> pressure angle; also the angle * for the pitch point on the 
involute. Figure 66 

\i angle between two radial lines: the centerllne of the tooth and 
a perpendicular to the tangent to the base circle from the 
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Indicated point on the  profile,  figure 67 

Engagement Conditions 

Figure  66  shows  two external  ge.^rs  in engagement.     The  points of contact on 
the profiles as the teeth move  through engagement  fall on the   line of 
action.     First contact  is at A;   as  contact moves  to the pitch point P,  the 
driving gear rotates through a*,,   the  angle of approach.     The  special 
characteristic of the  involute   zurve   is  that the distance  from its gener- 
ating point  to  the point of  tangency of the developing  line  on  the base 
circle   is  the  same whether measured along this  line or along the base 
circle.     The  angle of approach of  the driving gear may be   found by tracing 
the  relationships between the   arcs and  line segments.     The minus  sign has 
been  introduced to show that - rotation backwards  from the  pitch-point 
contact position is required. 

aAl- 

a 
Al 

•BP1BA1 -(BP1V1  "  BAlV "^l  - A1V1) 

^1 ^1 ^1 

(v^Ä, - \^P)  -"^ c^Ä? - c^o - c^v2 

•PA, 

«Bl 

2 1   2 
tan 

II 

2 1   2 2   2 2     P 

^1 

a 
Al 

"V^Q - ^ - ^2 tan J 

«Bi ] 
cc. 
Al v^ )  - 1 - tan ••1 ( 1) 

Using the substitutions 

Nl  ' ^Bl 
( 2) 

and o      .-02 

^  ^2 
( 3) 

Equation  (1)  becomes 

a 
Al N, ^02  ■   1 tan  ♦j ( 4) 

In a similar manner,   the  angle of recess  for the driving gear may be  found. 
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Driven Gf»r 

Driving Gear 

Fieure 6b.  External Gear Tooth Driving External Gear Tooth. 
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BR1BP1  BR1V1 - BP1V1 
RB1 RB1 

Vi PV, 

^1 

VCTA: C1A2 - C1V1 

Bl 

C1V1 tan «p 

RB1 

^ 01 - RB1 ' RB1 t&n  % 

Bl 

V   Bl 
1 - tan *, 

Using the substitution 

P01 

Equation ( 5) becomes 

^1    '^J- 

01 
lBl 

tan *, 

(  5) 

(  6) 

(  7) 

This process may be applied to other points on  the  involute profile or  the 
involute curve extended.     One such point  is M, ,  where  the extended  involute 
intersects  the root circle.     If the mating  tooth were  long enough,  contact 
could  theoretically  take  place at this point.     The  rotation of the gear 
from the position of contact at  the pitch point  to  the position of contact 
at M,   is given by the angle OL.,.    The same procedure  for  finding QL,,   is 
used,  with the minus  sign introduced to show the direction of rotation from 
the pitch-point contact position. 

^1 Vp..,   -   1  -  tan * 
Ml 3 (  8) 

In a  similar manner,   for   the  point T^, which is  the manufactured starting 
point  of the involute profile, 

«Tl V^ tan ■] (  9) 

Consideration of the driven gear gives a similar set of equations by simply 
replacing the subscript  2  for   1 and vice versa;   Equations   (4)  through 
(7)   lead to 

A! N, 
a 

A 2 2     L 
1 - tan 

^2 •^02       1  ■  tan *I 

(10) 

(11) 
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a T2 

M2 

T2 

1  -  tan 

1   -  tan 

(12) 

(13) 

These relationships may be used  to  check one of the  features of  the design 
of each of  the gears.    When the involute por'.ion of the  profile extends 
far enough  toward the root  to permit  contact with the  tip of  the iriMng 
tooth,   the following condition will be met  (the direction of the  in«.quality 
sign recognizes  the negative values  for  the angles): 

a 
Al >    ^Tl (14) 

a 
'A2 

a, T2 (15) 

For purposes of computational convenience, the angle between successive 
teeth on the same gear is divided into N equal intervals.  The angle be- 
tween teeth is equal to 2« divided by the number of teeth, and the angle of 
each subdivided interval is 2JT/N N .  These intervals form a scale which 
may be associated w<th the angle through which the gear rotates as the 
point of contact moves along the involute profile. Starting from a zero 
position when contact is at the pitch point, the successive values of J 
(positive as contact moves outward on the involute and negative as it 
moves inward) iuontify the intervals of rotation as follows: 

a 
Jl 

a 
J2 

(16) 

(17) 

To check for engagement between the teeth of one meshing pair at any rota- 
tional position, the particular value of aT1 or a  may be compared to the 
angles of rotation which limit the range or engagement.  Therefore, engage- 
ment is possible only when 

^1  1 ajl - 
a AI (18) 

Figure 67  shows an external gear driving an internal gear.     The  identifi- 
cation of  individual points is  similar  to that of Figure  66,   except where 
the  internal gear  introduces differences.    As  in the first  case,   the point 
on  the  tooth profile of  the driving gear  at which contact  initiates   is A 
and  the  last point is A„.    The an^le of approach is  found in an almost 
identical, manner.     Note  that  the minus   is again introduced  to  show  that 
rotation  backwards  from the pitch-point  contact position  is   required. 

r 

a 
Al 

•BP1BA1 

RB1 

•<BP1V1   •   '»AlV 
RB1 

■(PV1  - AjVp -PA1 

VB1 Bl 
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Figure 67.     External Gear Tooth Driving   Internal  Gear Tooth, 

156 

Mail.«»'«1'»<*•• *-■''*■ 

■ 



a Al 
•(V2P  "  W 

RB1 

C2V2tan^ Vc2A^  -  C^2 

Bl 

R„^   tanf,, - VRL - R. 
a 

B2 12 B2 
Al Bl 

a. . - - i h ■V?P:T] 
With   the substitutions 

and 

Equation  (20)   becomes 

N, R 

12 

B2 
lBl 

RI2 
RB2 

a Al N, 
tan *, v^ 

(19) 

(20) 

(21) 

(22) 

(23) 

For the angle of recess, the procedure is identical co the earlier case. 
Referring to Figure 67, the derivation preceding Equation (7) may be re- 
peated.    Therefore,  for the case of  the driven gear  as  the  internal gear, 

"R 1 Vf 01 
1  -  tan $ (24) 

Equations   (8)  and  (9)  are  also  repeated in unchanged  form for   this second 
case, 

pJr    -  1 - tan «J ( 8) ^1 P Ml 

a, Tl Kf 1  -  tan 9) 

To find the corresponding angles for the driven internal gears, the inter- 
change of subscripts cannot be used.  In the case of ihe  angles of approach 
and recess, another simplification is possible. When one member of the 
mating gears is internal, the actions of approach and recess are simulta- 
neous.  Therefore, these angles for the driven gear are the same as for the 
driving gear when multiplied by the gear ratio.  These angles therefore 
become 

N, 
a 
A 2 

a Al (25) 

157 



mmm 

^2 " Nj^l (26) 

When these are combined with Equations (23) and (24), the angles for the 
driven internal gear become 

aA2 - - [tan^-V^-l] 

^2 a NT [^T1" tan %] 

(27) 

(28) 

An independent derivation is given for the angle associated with point M . 
This is the theoretical point where the involute profile extended inter- 
sects the root circle. Note that the root circle of the teeth on the 
internal gear is the one of greatest diameter. 

From Figure 67, 

^12 

BM2l£L. 
RB2 

BM2V2 • BP2V2 

RB2 

M V  - PV 
2 2    2 

RB. 

^2 

^ 

V* C2M22 - erf -  C2V2 tan »p 

V. ̂  B2 

B2 

■ R 
B2 tan 0P 

VB2 

Using  ehe substitution 

Equation (29) becomes 

B2 
1  - tan 

'M2 RB2 

«til J*l 1  - tan 

(29) 

(30) 

(31) 

In a  similar fashion,   the equation for the rotation angle corresponding to 
the manufactured outer end of involute profile  (not shown in Figure  67)  is 

aT2 =    VPT; 
2 

11 tan (32) 

The same kind of design check performed with the two external gears may now 
be applied. When the involute portion of the tooth profiles extends suf- 
ficiently to permit contact with the tip of the mating tooth, the 
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following condition will be met (the direction of the inequality sign 
recognizes the proper sign of the angles): 

"Al >. "Tl 
(33) 

(34) 

As with the case of the two external gears, the same kind of subdivision of 
the angle between successive teeth on the same gear may be introduced.  To 
check for engagement at any of the subdivisions of rotational positions, 
the same comparison as in Equation (18) is used.  Engagement is possible 
only when 

"Rl >  ajl >.  aAl (35) 

Profile Coordinates 

Figure  68  s'.ows   the outline of  an external gear  tooth  consisting  of  an 
involute  profile  joining  the root  circle with a circular   fillet.     The  co- 
ordinates  of  points on the  tooth outline may  be   found  from  the  geometry 
portrayed. 

From Figure  68a,   for angles associated with  the pitch point P, 

Pä    _    i PS 
*    ~    Rp 2 Rp 

er 
_T_ 
IK. (36) 

where T - tooth thickness measured along the pitch circle. 

♦p - V eP 
For  any  point  J along  the  involute profile, 

^J    =    ^P + aj 

Equations   (36),   (37),  and   (38)  may  be  combined  as  follows: 

(37) 

(38) 

(39) 

The values of v^, T, and R may be taken from the gear desig.. data.  Tlip 
value of Of , the angle through which the gear must rotate to move the con- 
tact point from P to J, has b' en assigned to each point J according to 
Equations (16) and (17) in the orcvious section. 

Again, from Figure 68a, 
tan «  = ^ 

J    CK 

From the properties of the involute curve, 

JK = PV + JK 
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Figure 68.  Outline of External Gear Tooth. 
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Substituting Equation (41) into Equation (42) gives 

tan *. 
PV-HJK    CV tan^ + C^ 

CK CK 

can *. 
RB tan ^p + R^ 

= tan ^ + d 

tan  (tan * + a ) (42) 

As explained after Equation (39), the two values on the right-hand side are 
known from the design data and the selection of point J. 

From Figure 38a, 
9  = ii)  - ^ 
J     J  VJ 

(43) 

The coordinates of the point J may now be expressed in terms of the angles 
found in Equations (42) and (43) from Figure 68a; 

X  = CH CJ cos e. 
CK   . 
 r~   cos 6, ccs *,       J 

RB COS ej 
cos 

(44) 

Y  * JH » CJ sin 9. CK 
cos11 sin 6. 

RB 8in ej 
cos * , (45) 

Figures 68b and 68c show the circular fillet which blends the involute pro- 
file into the root circle. Point G is the tangent point ' t^cween the fillet 
and the involute, and point F is the tangent point between the fillet and 
the root circle. Two other points in the figure are of special interest. 
Point M locates the intersection of the extended involute on the root 
circle.  Point E is located on the root cucle halfway b ween F and M. 
It is taken to represent the "effective" '.ooth thickness at its base. 

The angle 8.,, which locates point M, may be found from Equations (39), 
(42), and (43) which were derived for any point J on the involute profile. 
Replacing the subscript J by M in these equations gives 

'M 

M 

(< ■ 2iC) + Q1M ZRP 

tan -1 (tan *p + 0^) 

(^6) 

(47) 
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M M      VM (48) 

Note  that  the angle QL. may be  found according to Equations  (8)  or  (12)  of 
the  previous  section. 

A different procedure is used  to find eF.     First,  the point G must  be  con- 
sidered.    From Figure 68b, 

*P  -^G 

^P  -*G 

cv 
PV - GK 

CV 

RB tan »    - R£  tun  * 

^p  - v|fG    =    tan *p -  tan *G 

When rearranged, 

|p - tan Op + tan ^ (49) 

From Figure 68b, 

tan * . 1 . K^M . CK tan (^ + *G> -™ 
G    CK      CK CK 

tan ♦ 
RB tan (eF +tG) - R'p 

where 

tan *G = tan (9^, + ^ - 

R'l 
(50y 

Again, from Figure 68b, 

™ "^CD2 - CK DK 

CK 
tan («F + ^G)  - fÄ ,   "" __ w- 

CK 

tan (eF + ^G)  - 
-/(RM + F-'F)

2
 -R 

* 

tan (eF + ^G)  = V(PM + P'p)
2 - 1 (51) 

whert PM = VS- 

1^2 



Equation  (51) may be rearranged to give 

eF    =    tan -1-^--2 
M  ■   PV     "   1   -^G (52) 

Combining Equations  (49),   (50),  and  (52) gives 

\|fr    =    •<|f_  -  tan <)>p + V^M +PF')
2-1-P'F 

Equation (53) may now be substituted into Equation (52) and 

tan 
•1>M + Pp')

2 - i - V^H + PF')
2
 - i + PF' 

Point E may now be located.  By definitio , 

eE     =    7(eM+eF> 

(53) 

^p + tan ^ 

(54) 

(55) 

The coordinates of point E are 

Xg = CH' = CE cos eE 

(56) 

YE  = EH' CF sin 0, 

hi iin Br (57) 

In sumr.ary, to find the coordinates X^ and Y on the external gear, use 
Equations (46), (47), and (48) to find GM and Equation (54) tf 0 , combine 
these in Equation (55), and finally use Equations (56) and (57). 

The case of the internal gear is treated in the same manner.  Figures 69a 
and 69b use the same letters to label the corresponding points on the in- 
ternal gear.  Tiie derivation for the coordinates of the point J on the in- 
volute profile is identical to that for the external gears and leads to 
«identical equations. Equations (39), (42), (43}, (44), and (45) are 
repeated below. 

*J  *  <% V +aJ (58) 

*  = tan  (tan «J1 + a ) (59) 

J  WJ 
(60) 
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KB (-0S 'j 

RB Sln bJ 
""cos 'f. 

(61) 

(62) 

In the same manner. Equations (46), (47),  ud (48) which solve for G may 
be repeated for the internal gear. 

M     M  VM 

(63) 

(-54) 

(6!)) 

The equations  for   finding ;'    are only  slightly  aiffeient.     They may  lie 
found  by   following   the   identical   procedure,  use'!   tor   the  external  gear. 

From Figure  69b, 

♦G   • *P cv cv 
R    tan *     -  R     tan   v 

^   "  tp 
B 

iG  - Vp    =    tan *G  '   Lan   *p 

yc    =    *p *  tan fp -r  tan  ^ (66) 

Equation   '/b)   is   identical   to  Equation   (49) 

From Figure   69b, __ 

GK DK +   DG 
tan   >,,     =    —    =    ——— 

CK   tan   0)r-   -   0 )  +  ix, 
u r 

G 

tan 

CK CK 

RB  tan  UG  -  BF)  + RF' 

CK 

-    tan  (>|rG -  0^  + p', (6 7 > 

Kroni Figure   '''"' 

■- -•'- ■   \ ■♦,. HP)      =     ^ 
CK 

DK V rn    - CD     -   CK 

CK 
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tan (\|f. eF)   = 
V^ - K'F)2   -  RE 

tan"   Vfc ^G "  V  '      tan   " V<PM " PF,)2   "   1 

This may be rearranged to 

eF    -    -  tan"1 V(PM - Pp')2 -   I + tG 

Combining Equations  (66),   (67),   and  (68) gives 

♦G    -    Mrp -  tan *p + V(PM - Pp')2 -  1 + PF 

Substituting Equat.on (70)  into Equation (69)  gives 

•1 eF - - tan VJ 

(68) 

(69) 

(70) 

(PM - pF')
2 - i +-V^PM- Pp')

2 - 1 + Pp' + *p 

- tan *     (71) 

The balance of the derivations for the internal gear are again identical 
to those for the external gear. Equations (55), (56), and (57) apply also 
to the internal gear and are repeated below. 

e I ^M + V 

hi cos -; 

in e. 

(72) 

(73) 

(74) 

Equations (63), (64), and (65) together with Equations (71), (72), (73), 
and (74) serve the purpose of evalual 

Elastic Compliance of the Gear Teeth 

and (74) serve fhe purpose of evaluating the coordinates Xr and Y 

The load acting on the gear tooth develops a pattern of deformation within 
the tooth and its supporting structure. The effective deflection ar the 
load point i  the subject of this portion of the analysis.  The total value 
of this deformation will be derived irom the summation of individual con- 
tributors, each found by applying a simple deflection analysis. The con- 
tributing deformations wMch will be considered here are given below- 
Each will be in the form of a displacement of the tooth surface at the 
load point in the direction of the appj-ied normal load. 

(B )   displacement due to ..he bending of the tooth as a canti- 
levered beam 
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(B ),   displacement due to the shear deformation of the tooth as 
a cantilevered beam 

(B )   displacement due to the rotation of the tooth in the sup- 
porting structure a»" its base 

<Vd displacement due  to  the contact or  Hertzian deformation 

There are  two other  contributing deformations.     One is  the displacement 
due  to radial compression of the  tooth.     The other is  the displacement  due 
to transverse  shear  in the supporting structure of the  tooth.     Both of 
these have  been  omitted because  in  the  geometry  of gear   teeth,   they  con- 
tribute substantially   less to  the  total  displacement than  the factors  in- 
cluded. 

In finding the  first  two deformations,   (B )     and  (B), ,   the gear  tooth 
will be  treated  as  a sequence of  transverse  segments,  each  of uniform 
rectangular cross  section.    The depth of  the uniform section will  be  inter- 
mediate  to  the  depths  at both ends  of   the  segment.    Figure  70  shows  an 
external gear   tooth with one such  segment.     Each segment will  be  identi- 
fied by a K value associated with  its outer  section,  and  the K value will 
be increasing as   ehe K  sectio.-. moves out  toward  the rip of  the  tooth.     The 
selection of  the   location of each K section may  be made   to  correspond   to 
the   location of each  of  the J points  described   in the previous  sections, 
as  long as   the  J points are sufficiently  close   to each otlier.     Such  a 
selection permits   the  use of  the X and Y  coordinates  for   the  points  on  the 
tooth outline,   as   found  previously.     In Figure   70,  J represents   the  point 
at which   the   load  is  applied.     The  angle ty     gives  the direction of   this 
load  relative   to   the   tooth centerline,   and \1; T is   the same  angle as   found 
by Equation   (39).     The  analysis which  follows  traces  the  contribution  of 
each  K segment   to  the  displacement  at   the  point  J, which  itself  remains 
fixed.    As   -he mating gears rotate,   J moves   into successive  oortiors,   and 
the  deflection  calculations must  be  repeated  for  each new position. 

The moment of  inertia of  the rectangular  cross-sectional  area at  K may  be 
expressed  in  terms  of  the Y coordinate anH   the   tooth face width F. 

K 12 F  (2V3 
2FY: 

At  the K-l  cross   section, which   Is  the  other  end of  the  K  segment, 

3 
2FY 

v. = - K-l 

For the assumed uniform cross section of the segment between K and K-l, 
the mean of the two moments of inertia will be used. 

h  + h-l 

167 

—i 



(.'--*■ 

11 T 

.y.l Li. 

■Tooth  se^:.t   vith   WilfoTm  cross   ^^^ 

K-J H 
je. 

- \ 

*i   Tomplei»   tooth  with 

K v/ ^oZ'/, 'M 
JtJ 

% 
"C/ 

i 1) 

b)   DispUcetneut   of 
tooth  outln.« 
«t   load  ^olur 

^ 
-:.' -i 

f 
Figure  70.     Beam Deflections  In  the Gear Tooth. 
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h   ■ 3 (YK + YK.1> 
(75) 

%n  the same manner, the mean area for the two croai sections may be found. 

^ - F(2YK) - 2FYK 

Vl  ~  "4K-1 

^ " 

- 2TY 

1 

^ - FO^ + Y^) (76) 

The length of the K segment may be found from the X coordinates. 

h   '    h'h- (77) 

Each of the above Equations, (75), (76), and (77), will also be applied to 
the segment of lowest K value, the one situated at the base of the tooth. 
The K-l point will not be on the Involute curve because of the fillet 
radius between the Involute profile and the root circle. The X and Y 
coordinates to be used at this K-l point will therefore be those found for 
the effective base of the gear tooth, namely, X-. and Y , as found, for 
example, in Equations (56) and (57). 

The distance of the K segment, at Its outer end, from the point J of load 
application is similarly found from the X coordinates of the points K and 
J. 

SK 'h'h (78) 

Another variable which will be used in the deflection calculations is the 
bending modulus of elasticity E. This will appear in the denominator of 
the expressions for bending deflections. 

Many gears have a face width which is large compared to the tooth thick- 
ness. This greater wi'ch gives an added stiffening effect which must be 
included in the bending deflection equation. The necessary factor is 
(1-v ), which customarily appears in the numerator of the deflection ex- 
pression. For convenience in writing equations, this factor will here be 
applied as a correction factor to E, giving a corrected modulus of 
elasticity 

Ev  " TT^T 
If the gear tooth is narrow relative to its thickness,   the correction 
factor should be dropped. 

In Figure  70a,  the normal load at J arts in two ways to  load the c&nti- 
levered gear tooth: 

1.     A concentrated  load equal  to the transverse component of  the 

(73) 
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applied load, WN. cos ^T. 

2. A moment load equal to the axial component of the applied load 
times one-half the thickness of the tooth at the point of load 
application, WN- sin^ • Y-. 

In the bending of the tooth, each of these load conditions causes a trans- 
verse displacement and a rotation of the tooth center line under ehe  point 
of load anplication. These two displacements will be evaluated for each 
of the two load conditions and then combined. 

As mentioned earlier, the procedure for finding deflections will treat the 
gear tooth as a succession of transverse segments of uniform cross section, 
The contributions of all segments will be found and summed to give the 
total deflection. 

The first case to be considered is that of a tooth segment subjected to a 
transverse load applied some distance away, with the rest of the gear 
tooth serving as a rigid support or a rigid extension.  This is portrayed 
In its simplest form in the sketch below. 

Rigid Extension 

Rigid 
Support 

Tooth Segment: Moment of Inertia - I 
Modulus of Elasticity 

Frot. the standard methods of beam deflection analysis, the transverse de- 
flection at the load is 

'*L   2 2 
B "  3EI (  + 3SL + 3S ' 

The centerllne rotation at the load is 

7    - §1(1+25) 

(80) 

(81) 

These may be rewritte  '.n the tjrmirology of the main analysis. For the K 
segment with load applied at J, 

B  becomes (By^al 

E  becomes E 

I  becomes I„ 
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L becomes L. 

S becomes S 

W becomes W  cos \(i 

7 becomes (7^)^ 

Therefore, the two center line displacements under the transverse component 
of the total load are 

(V 
WNJCOS *JLK „2 

al 
3E !„ 

V K 
(L K + 3SJKLK + 3SJK) (82) 

^JK^l 

W   COS "il  L NK    WJ K 

2E T 
V K 

<LK + 2SJK^ (83) 

The second case to be considered is that of the tooth segment subjected to 
a iioment load applied some distance away, with the rest of the gear tooth 
.rr.'.ng as a rigid support or a rig^' extension. This is portrayed in its 

;  Last form in the sketch below. 

Tooth Segment 

Monent of Inertia = I 
Modulus of Elasticity / 

- E 

Rigid 
Support Rigid 

Extension 

From the standard methods of beam deflection analysis, the transverse de- 
flection at the load is 

ML 
B = - f|j (L + 2S) (84) 

The center lint rotation at the load is 

7 . -^ 
'      El (85) 

The minus sign is included because, with a moment applied in the direction 
shown, the directions for the deflection are opposite to those in the 
previous case. 

These two equations may be rewritten in the terminology of the main 
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analysis using the same replacements as listed above, with the addition 
that 

The new equations 

(BYK)a2 

M becomes W 8in^ • Y 

■"N.,-^., ■ >A. 

2E !„ 
V K 

^ + 2SJK> 

(7JK)a2 

-WNJsin^ • Yj - 1^ 

EVTK 

(86) 

(87) 

The deflections for each tooth segment will be summed next. Equations 
(82), (83), (86), and (87) are rewritten showing this summation, which is 
for all K segments from the base of the tooth to the point J of applied 
load. The factors which do not vary with individual segment are written 
outside the summation sign. 

(By) al 

(By) a2 

WNJCOS* 

3E 

('Al 

V K 

+ 3SJY? 

WNJcos* 

2EV1K   ^ ^ 
+ 2SJK> 

•WNjai^J ' YJ 

2EvTK 
^K (LK + 2SJK) 

(88) 

(89) 

(90) 

<Va2 
•^jjsin^ • Y 

E I„ 
V K 

^ (91) 

The combination of these displacements will begin with consideration of 
each load condition separately. The effect of the combined transverse and 
rotation displacements associated with each load will be found, and then 
the two effects will themselves be combined. 

^igure 70 shows the manner in which the iwo types of displacements rom- 
bine. The transverse displacement is shown as TTC'! the angular rotation, 
as ^-JC1^'. AT important result of the rotation is that the deflected 
tooth outline does not pass through the point G where JG = CC'.  Instead, 
it passes through the axially displace] point G'.  The displacement in the 
direction of the load is therefore from J to J*, a lesser distance than 
would result from no centerline rotation.  Described in different terma, 
the centerline rotation due to bending combines with the inclined outlinfc 
at ehe load to "cam up" or to reduce the deflection uuder the load. 

The relationship between these displacements can be found from the 
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geometry shewn in Figure 70b. 

JD = JG - DG 

B, 
—     JJ' JD =  r 

costy coslf, 

(92) 

(93) 

where B  is the displacement of the tooth outline in the direction of the 
applied force. 

JG = CC' = h 
where  B     is  the  transverse  displacement described above. 

DG    =     GG'   tart* 
J 

GG'     =     GC1     (^-GC'G1) 

GC'     =     JC    =    YT 

(94) 

(95) 

(96) 

(97) 

where Y •.  is one-half  the  thickness  of the tooth at point  J, 

^- GC'G'     =    7, (98) 

where 7     is  the angular  rotation described above. 

Combining Equations   (92)   through   (98)  gives 

B, 

cos 
=     BY   - Y/j tan  J 

Multiplying  through by  cos>V T changes  this  to 

BJ    =    BYC0^J  ■ Vj "^J (99) 

Equation  (99)  can now be used  to combine the  individual  displacements.     For 
the  two  displacements  from  the  concentrated   load  condition,   Equations  (88) 
and   (89)   are introduced  into Equation  (99). 

<Val 
W. 

VK 

2, 
COS   \|f 

^K(LK 2 + 3SJKLK +  3SJK2 

cos\(f  sin\|(     •   Y 

^K 
+
 

2S
JY} 

(100) 

For  the moment  load  condition,   Equations  (90)   and   (91)  are  introduced  into 
Equation  (99). 
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<Va2 
W 

N,J 

V K 

cosi)r sin'l     •   Y      ^—. 

—H-*—i LLK(\ + 2V 
+ sin2*jYj Ys (101) 

The total displacement of the tooth outline in the load direction from the 
combination of the two load conditions is 

(Va = (Val + (Va2 
(102) 

Introducing Equations  (100) and  (101)   into equation (102)  gives 

<Va 
NJ 

V K 

2, cos t 

- Yh<h 2 + 3SJKLK + 3SJK2) 

cos^sin^   .  YJ £1^ + 25^) 

+ sin ty J  • YJ & (103) 

This gives the total deflection from the bending of the tooth loaded as a 
cantilevered beam. 

The shear deflection of the tooth as a cantilevered beam is caused by the 
same transverse component of the applied load, namely, W^COSTJ/ .  This de- 
flection takes the form of offsetting the centerline witnout rotating any 
transverse section. The deflection at the load point then becomes the sum 
of the deflections for each of the tooth segments defined previously. 

The individual segment subjected to the shear load is represented in the 
sketch below, with the rest of the gear tooth appearing as a rigid support 
or a rigid extension. 

W 

Rigid 
Support 

Tooth Segment 
Area =A 

;—^Pi 
■Rigid Extension 

Shear Modulus of Elasticity = G 

From the standard methods for beam shear deflection analysis,   the  trans- 
verse deflection when the cross section is  rectangular is 
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As noted above, the center line rotation at the load Is 

7    - 0 

(104) 

(105) 

Rewritten In the terminology of the main analysis, for the segment K with 

the load applied at J, 

A becomes A^ 

B becomes (B^ 

G becomes G 

L becomes L 

W becomes V   .costy.. 

7      becomes (7jK)b 

Making the replacements In Equations (104) and (105) gives 

(Vi 

^JK^ 
- 0 

(106) 

(107) 

Sunning the deflection for all segments from the base of the tooth to the 
point J of the applied load gives 

(V, G LK 

^j>b 0 

(108) 

(109) 

To obtain the resulting displacement of the tooth outline in the direction 
of the load. Equations (108) and (109) are substituted into Equation (99) 

(Vb 
^NJ'08 ^J n (UO) 

Equation (110) gives  the displacement due  to the shear deformation of  the 
tooth as a cantllevered beam. 

The thi.rd contributor  to tooth deformation comes from the rotation of  the 
tc-th as a .'igld member in Its supporting structure at its base.    The # 
moment that causes this rotation comes from the applied load.    The trans- 
verse component of this load WN.cosT|f    will create the moment WN cos\|f     .  Sj, 
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where  S     is  the  distance  from  the   load point  to the base of  the  tooth.    The 
axial   component,   as noted previously,  will create  the moment WNTsin\|f    . YT 

which acts   to oppose the first moment. 

The sketch below shows this loading and  the resulting deflection in 
simplified  form. 

The equations  for  the displacements  at  the  load are  (see Reference  10) 

1.327 M 

7S 

EH2F 

1.327 MS 

EH2F 

Rewritten in the terminology of the main analysis, 

B becomes (Vc 
E becomes Ev 

F becomes F 

H becomes YE 

M becomes WNJC08*J • SJ " WNJ8in,,fJ ' YJ 

S becomes V" XJ - V 
7 becomes (Vc 
the replacements in Equations (111) and (112) gives 

(Vc 
1.327WNJ(cos*J * SJ " 8in*J ' YJ)SJ 

E
V
Y
E
2F 

(111) 

(112) 

(113) 
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<vc 
1.J27 W^cos^  .  Sj-  sintj  . Yj) 

VE2F 
(114) 

To obtain  the  resulting displacemcit of  the   tooth outline  in  the direction 
of the  load,  Equations  (113)  and  (114)  are  substituted into Equation  (99). 

<Vc 
1.237WNJ(co8\l/     .  S. -  8im|r     .  Yj)   (cos^i     .   Sj -  sin^j   .  \j) 

EvYE2F 

^^c 

1.327WNJ  (cos^       SJ  -   sin^  .  Y£ 

E
V

Y
E

2F 

(115) 

Equation (115) gives the displacement due to the rotation of the tooth in 
its supporting structure. 

Equations (103), (110), and (115) have all been derived with the external 
gear tooth in mind.  However, the same equations apply for the internal 
gear tooth, as long as the values for L^, S  , and S are maintained as 
positive values and as long as the summation of the K segments proceeds 
between the base of the tooth and the load point. 

Each of these three equations may be rewritten to express a compliance, or 
deflection per unit load, defined as 

B 

W, 
(116) 

NJ 
Equation  (103)  becomes 

(<Va 
V K 

2, 
cos   \lf J £X 

- cos\),' 1  sin\lf     .   Y 

+   3SKLK +   *V 

&(LK +  2V 

+ sin2*     .   Y  2   VLK 

Equation  (110)   becomes 

Equation  (113)   becomes 

(Vb 
1.2  cos 4'   •—•!•., 

(117) 

(118) 

^J>c    = 

1.327(cosil)J   .   SJ   -   siml,     .   Y )' 

E Y,,^ 
V E 

(119) 

These  three compliances  combined may be viewed as   the  total   beam  complimce 
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of  the gear  tooth 

<Vabc "    (Va+^J>b+^J>c (120) 

This  total compliance can be  found independently for each of  the mating 
gear  teeth by using the above equation. 

The accuracy of these equations has been checked by comparison to some 
unpublished experimental results.     These results came from a test proce- 
dure which permitted the  separation of the beam deflection of  one gear 
tooth  from other deflections.     The agreement of calculated results with 
measured results for the cases analyzed was betuer  than  ten percent. 

The  fourth and final elastic  displacement to be considered is  that of the 
contact or Hertzian deformation.     The treatuent of  this deformation which 
will be used in this analysis  is based on a semi-empirical equation de- 
veloped  for contacting cylinders  in ordinary roller bearings.     This 
equation, with terminology revised to resemble  the  terminology of this 
analysis,  is (Reference  11) 

12 

i  in"4.-  2'7 u0'9 
3x10    c W 

TO 
F12 

w>iere 
3/ll,500(Evl + 

=      V        (EV1EV2> 

^P 

(121) 

(122) 

This equation treats the general case in which the materials of the two 
mating surfaces have different properties. Subscripts 1 and 2 are used to 
refer to the two surfaces.  The deflection given by the equation is for 
the two contacting surfaces combined; hence, the notation of 12 is used in 
the subscript. Since the face widths of the two surfaces, may be unequal, 
F.._ refers to the effective face width of the combination. A suitable ap- 
proximation of this effective face width is the smaller of the two widths. 

The notation for a composite modulus of elasticity may be introduced. 

JV12 V2 

(E i + E J v Vl   V2 
2(E -E J 

vl v2 
(123) 

After  the  substitution of Equation (123)  is made  in Equation  (122),  the 
result may be combined with Equation  (121).    When  fully  simpliflfd,  this 
becomes 2.55 W 

,0.9 

'12 v    0.9    0.8 
^12        12 

(124) 

Equation  (124) will be revised somewhat to adapt  it more closely to the 
case of contacting gear  teeth.    This will be done  after noting a major 
difference between the conditions  applying to a roller  between bearing 
races and  those applying  to  a  loaded gear  tooth.     Although,   in both cases. 
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contact  is between cylindrical  surfaces,   the nature of  the support of  the 
bodies with these cylindrical  surfaces is quite different.     The force at 
one contacting surface on the roller is  opposed by an equal  force  located 
diametrically opposite.    As a result,  the entire roller  is  loaded with the 
full compressive force,  and the deflection given by Equation  (124)   is  the 
deflection at the  contact point and  throughout the roller.    A gear  tooth 
does not  provide  the full cylindrical cross section of  the roller.     Further- 
more,   the  applied  load is not  supported by diametrically opposed force but 
by  the shear forces distributed across  the base of  the tooth.     The  first 
item calls attention to a reduced material cross section available  for de- 
formation.     The  second item points  out  that,  due to the  side  support,   the 
internal  loading in the cross  section of  the tooth is not constant,   but 
reduces with increased distance  from the  contact point.    These differences 
make  the  contact deflection in gear  teeth significantly  less  than  that 
called  for by Equation  (124).     The estimate  to be used  for  this reduction 
in deflection is  50 percent.    This  correction gives calculated results 
which proved to be still somewhat   larger  than the experimental  results  to 
which  they were compared.    However,   the apparent excess  in calculated con- 
tact deflection will be more  than offsei:  In many practical applications 
by  the  increase in deflection resulting from slight errors  in  the con- 
tacting surfaces. 

With  the  50-percent correction.  Equation  (124) may be rewritten to apply 
to  the case of contacting gear  teeth. 

1.275 W, 
(BJ12>d 

0.9 
NJ 

_    0.9 ,,0.8 
Vl2      '12 

(125) 

Converting  this   to give  the mean compliance according  to  Equation  (116), 

.0.9 

<Wd 
^J^d i,275 W, 

NJ 
W 

NJ E 0-9 F0-8 W Vl2       12      NJ 

(QJ12>d    = 
1.275 

0.9 F0.8    0.1 
Vl2       12      NJ 

(126) 

Equation   (126)   shows  that  the  compliance  is not  constant  but   is  somewhat 
dependent  on  the  value of  the  actual   load.     However,   since   the  load ap- 
pears   to   the one-tenth power,   chere will  be   little variation  in compliance 
over  a reasonably wide range of   loai*.    Therefore,  W      may  be   replaced  by 
an average value covuring all  conditions of  loading without   fear of  intro- 
ducing appreciable error.     A  suitable average value would  be  one half  the 
total   load  carried  by  the  gear   teeth.     The  load on any  one   tooth will  var^ 
from  zero   to  the  total  load,   but   the  condition of approximately equal 
sharing  between  two successive   teeth  is   the condition  requiring  the  best 
possible  estimate of compliance.     The substitution  ;:o  he  used   is 

W NJ ,5 W, 
N (127) 
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Equation (126) now becomes 

(Wd 
1.37 

E 0'9 F0-8 W0' 
Vl2  12  N 

(128) 

Because this relationship is independent of surface curvature, it will 
apply for all load point positions. For the same reason, it will apply 
for both the case of two external gears and the case of one external and 
one internal gear.  The contact compliance, it should be noted, requires 
the additional input information of the total transmitted load W and, in 
this respect, differs from the other compliance components. 

In summary, the total elastic compliance of the mating gear teeth may be 
found by applying Equations (117), (118), and (119) for earh of the gears, 
combiulng the results, and then adding in the contact compliance for the 
two gears in combination. 

'J12 = (Qjl)abC
+ «Wabe + Wjl2)d (129) 

Rotational Deviations 

Figure 71 shows the general case of two successive pairs of teeth in mesh 
and transferring load.  The points of contact on the two teeth from the 
same gear have a fixed relationship to each other.  If the position of one 
is known, the other can be found readily. As discussed prior to Equation 
(16), each point on the profile used as a calculation point is associated 
with a rotation angle a . This angle is also the angle through which the 
gear will rotate to move the point in question.  In Figure 71, G'  is the 
angle associated with the contact point on the first tooth of the pair, 
and O'  is the angle associated with the contact point on the second.  The 
combination of the two angles is equal to the tooth spacing angle, or 

«JC + (-aJD) 
12 
N 

The minus sign in front of the second angle provides for its negative 
direction.    In rearranged form^   this equation shows how the location of 
the second contact point  is found ftom the first. 

a JD (r ■ ajc) (130) 

Thd division of transferred tooth load shown in Figure 71 will be deter- 
mined from a consideration of the gear teeth compliances and the relevant 
manufacturing errors for the two contact points.  These factors are shown 
in Figure 72, which is a schematic diagram of  ch« meshing condition shown 
in Figure 71. The gear teeth are represented as ^lender, spring-like 
members with deflections (B) caused by their respective loads. Profile 
errors (Z) at the poiacs of contact are shown as buttons interacting with 
the deflections of the spring teeth. Tooth spacing errors (V) are 
pictured as offsets in the projections of the bases of the spring teeth. 
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Tooth Deflectionsr 
BJC1,BJC2,BJD1,IJP2 

Tooth Profile Errors: 
ZJC1,ZJC2'ZJD1,ZJD2 

Tootli Spacing Error«: 
VPrVP2 

Position Deviation: 
V., 

Figure 72. Diagram Representing Two Succeaalve Pairs of 
Gear Teeth In Mesh. 
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The deviation (V,..) in the position of the driven gear relative to the 
driving gear, which results from the combination of deflections and errors, 
is shown by the offset betwsen the base of the first spring-tooth on the 
driving gear and the base of the first spring-tooth on the driven gear. 

The profile errors, the tooth spacing errors, and the position deviation 
are all measured along the line of action or, stated otherwise, as normal 
to the tooth surface. 

To separate the two effects of profile error and tooth spacing, the former 
will be defined as zero at the pitch point, and the latter will be 
measured between pitch points of successive teeth. To be consistent with 
the requirement of dlrectiotf along the line of action, the tooth spacing 
error, as neasured between pitch points, must b« adjusted by the factor 
costp. 

The chains of displacements pictured in Figure 72 supply the equations for 
the case of both teeth transmitting load. For the driving gear. 

VNJ + BJC1 ZJC1 " ZJC2 + BJC2 (131) 

For the driven gear, 

VNJ "  VP1 + BJD1  "  ZJD1  "  ZJD2 + BJD2 "   ^PP  '    0 <132> 

These may be rearranged to 

VNJ + <BJC1 + BJC2>     "    (ZJC1 + ZJC2) (133) 

VNJ + <BJD1 + BJD2> (ZJD1 + ZJD2> + (VP1 " V (134) 

Each pair of the deflections may be replaced ty a product; the load 
causing them times the combined compliances involved. These compliances 
are the elastic tooth compliances (Q) derived in the previous section and 
other known compliances (U) of the structure supporting the tooth. 

WN.TCQJC    '   WNJC(QJC12 + UJ012)     '    BJC1 + BJC2 (135) 

WNJDQJD   "    WQJD12 + UJD12)    "    BJD1 + BJD2 (136) 

For simplification, the errors for each tooth may be grouped. 

Z, 'JC (ZJC1 + ZJC2> 

'JD (ZJD1 + ZJD2> + <VP1 " VP2> 

(137) 

(138) 

When Equations (135) and (137) are combined with Equation (133), when 
Equation (136) and (138) are combined with Equation (134), and when the 
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sum of the two parts of the transferred load is set equal to the total 
load. 

VNJ + WNJC QJC - ZJC 

VNJ  "NJD VJD     JD 

w  + w   - w 
NJC   NJD     N 

(139) 

(140) 

(141) 

These three simultaneous equations can be solved with the aid of deter- 
minants. 

NJ 

ZJC  QJC 

^JD 0 

1 

'JD 

1 

1 

1 

0 

'JC 
0 Q 

1 1 

0 

JD 

QJC QJD WN ' ZJC QJD " ZJD QJC 

-QJD "QjC 

The position deviation in the direction of the line of action is 

NJ 
QjC ZJD + QJD ZJC - ^JC QjDWN 

QjC + QJD 
(142) 

W, 

ZJC    0 

Z
JD    QJD 

W, N 
Q 0 
^JC 

1 

'JD QjDWN 
NJC 1 

1 0 

0 1 

The  load transmitted by the first pair of teeth is 

^£ 
"^ND ' QJC 

NJC 
QjDWN + ZJC- ZJD 

QJC + QJD 
(143) 
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*JC 

0 

'JC 

JD 

W, 

NJD 
IL LIL ZJD - QJCWN 

0   Q 
JC 

1 

"QJD "QJC 

The load transmitted by the second pair of teeth Is 

Z. 

NJD 
QjCWN + ZJD 'JC 

QjC f QjD 
(144) 

The results of Equation (143) and (144) may be tested for sign.  Since the 
denominator in both cases will be positive, the test may be confined to 
the numerators. If the numerator is negative, the indication is that no 
load is transmitted by that pair and that the other pair carries the full 
load. 

The corrected load relationship must be introduced into the original 
Equations (139) and (140) in order to find the true position deviation. 

are In contact. 
ZJJ^. 0, then Wj NJC 0, WNJD - WN, and only the D-teeth 

In this case. Equation (142) becomes 

"NJ ZND " QJDWN 
(145) 

" VN + ZJP " ZJC *• 0'   then WNJD " 0'  WNJC " V   and 0nly   the  C-teeth 
are In contact. 

In this case, Equation (142)  becomes 

NJ ^C 0    W yJC N (146) 

Most gear designs have a range of rotational positions in which engagement 
takes place between one pair of teeth only. The rotational positions for 
which thlr Is tri.'e have been found through Equation (18).  In the cases of 

of the tirst pair only, W. NJC 
W  W 
V WNJD 

0, and Equation (146) 

!• d lirectly. With engagement of the second pair, W, 
aiv3 equation (145) are used. NJC 0, 

engagement 

should be 
W   '* i.' 
NJD  :, 

It may u. more convenient to express the loads found by Equations (143) 
and (144) as tangential or pitch loads instead of the normal leads used in 
the analysis. The conversion Is obtained by setting equal the torque» re- 
sulting from each of the two alternative load directions. For the total 
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load, 

For the divided loads, 

WRp - W^ 

RB 

W  ■  W COS ♦ 
' N    P 

WJC " WNJCC08 'P 

W JD WNJDCOS *P 

(147) 

(148) 

(149) 

Conversions may also be made for the position deviation. The position de- 
viations may be expressed as an angular deviation of either the driving 
gear or the driven gear. 

Jl 

J2 

R Bl 

RB2 
(150) 

The conversion to a tangential or a pitch line deviation is made by noting 
that both deviations must result in the same angular deviation. 

J    VNJ RB 

JLL (151) J    cos v 

DESCRIPTION OF COMPUTER PROGRAM 

Input Variables. Format, and Instructions 

Card 1    Title,  colums 2 through 72. 

Card 2    Control numbers.    Format  (515) 

a.    NUZ      Number of sets of tooth  load and spacing error data 
being submitted with this control card. 
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Place the last digit of this number lu coluum 5. 

b. INT  Identification as to whether this control card 
represents the last complete set of Input data 
being submitted. 
If more sets of Input data follow, use 0. 
If this is the last set, use 1. 

Place this digit in column 10. 

c. NMZ  Number of sets of profile and support compliance 
data being submitted with this control card. 

Place the last digit of this number in column 15. 

d. MN   Classification of the types of spur gears to be 
considered. 
If both the driving and the driven gears are ex- 
ternal gears, use 1. 
If the driving gear is an external gear and if the 
driven gear is an internal (ring) gear, use 0. 
(The program will not run properly if the internal 
gear is submitted as the driving gear.) 

Place this digit in column 20. 

e. MMM  Number u£ initial terms of the Fourier analysis for 
which coefficients will be printed, beymd the 
coefficient fcr the constant term . This number 
canno*: exceed (21 +1), where I is the input variable 
submitted on card 4. 

Place the last digit of this number in column 25. 

Card 3 Gear design data. Format (6E 13.5) 

a. FNl  Number of teeth in the driving gear. 

Use columns 1 through 13.  (Do not omit decimal 
point.) 

b. FN2  Number of teeth in the driven gear. 

Use columns 14 through 26.  (Do not omit decimal 
point.) 

c. RP1  Radius of the pitch circle of the driving gear, in. 
This must be the working pitch radius based on the 
actual center distance, including any substantial 
spreading under load.  If not specified in the gear 
design data, it may be calculated by multiplying the 
actual center distance by the ratio of (FNl) 
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to (FN1 + FN2). 

Use columns 27 through 39. 

Note: The pitch radius of the driven gear Is not 
included in the input data; instead, it is calcu- 
lated from the other input data and is printed as a 
calculated result. 

d. THETP Pressure angle, deg. This must be the working 
pressure angle based on cha base circle radii and 
Che actual center distanco, including any substan- 
tial spreading under load. If not specified in the 
gear design data, its sine may be calculated by di- 
viding the driving gear base circle radius by its 
pitch radius, as found for RF1 above. 

Use columns 40 through 32. 

e. R01  Radius to the outside diameter of the driving gear, 
in. Tills should be reduced by any radial loss in 
working surface at the tip of the teeth, as from 
tip rounding or chamfering. 

Use columns 53 through 65. 

f. R02  Radius to the outside diameter of the driven gear, 
. or RI2  if external, and to the inside diameter, if inter- 

nal, in. This should be corrected for any radial 
loss in working surface at the tip of the teeth, as 
from tip rounding or chamfering. In the case of an 
internal gear, this radius must be equal to or 
greater than the base circle radius. No check for 
this is provided. 

Use columns 66 through 78. 

Card 4 Gear design data; continued. Format (6E 13.5) 

a. RT1  Radius to the beginning (near the base of the tooth) 
of the involute profile on the driving gear, in. 

This is used in the program only in a design check 
as to whether adequate length of involute has been 
provided for contact on the teeth of the mating 
gear up to its tip. If this radius is not speci- 
fied in the gear design data, this check may be by- 
passed by substituting the root circle radius. 

Use columns 1 through 13. 

b. RT2  Radius to the beginning (near the base of the tooth) 
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of the involute profile on the driven gear, in. 
See above for substitute when not specified. 

Use columns 14 through 2u. 

c. RMl      Radius to the root circle of the driving gear, in. 
If the radius submitted is smaller than the computed 
base circle radius,  this is noted in the output,  and 
the input value of root radius is used at some 
points in the program.    If the root radius is suf- 
ficiently smaller than the base circle radius so 
that the root fillet center  lies inside the base 
circle,  the tooth outline between the base circle 
and  the fillet is assumed to be a radial line by 
the program. 

Use columns 27 through 39. 

d. RM2      Radius to the root circle of the driven gear,  in. 
For  the case of an external gear, the same com- 
ments as above apply. 

Use columns 40 through 52. 

e. FI        Number which indirectly establishes the number of 
calculation points.    The number of these points 
will equal one plus twice the value of FI.    The cal- 
culation points may De viewed as selected contact 
points on the true involute profile,  extended where 
necessary.    These contact points with the mating 
involute are associated with specific angular 
positions taken by the gear as 5t is rotated, where 
the angular positions correspond to uniform sub- 
divisions of the tooth spacing angle.    A greater 
number of these points will give more closely spaced 
point-by-polnt output data.    It will also give more 
accurate calculations of  tooth deflections and 
Fourier coefficients.    A value of FI equal to 12 
giving 25 calculation points has been found to be 
convenient. 

Use columns 53 through 65.     (Do not omit decimal 
point.) 

f. Tl        Circular tooth thickness at  the pitch circle of  the 
driving gear,  in.    The radius of the pitch circle  is 
as defined in card 3. If not specified in the gear 
design data,  it may be estimated as one-half of the 
difference between the actual circular pitch and 
the working backisah. 

Use columns 66 through 78. 
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Card 5 Gear design data, continued. Format (5E 13.5} 

a. T2   Circular tooth thickness at the pitch circle of the 
driven gear, In. The comnents for Tl also apply 
here. 

Use columns 1 through 13. 

b. Fl   Effective tooth face width of the driving gear. In. 
Where the face widths of the two gears are similar, 
use the actual face width without any reduction for 
normal end chamfering or rounding. Where one tooth 
Is much wider, use as Its effective face width an 
amount suitably larger than the narrower width to 
allow for the limited additional support that the 
greater width provides. 

Use columns 14 through 26. 

c. F2   Effective tooth face width of the driven gear, In. 
Tl..' comnents for Fl also apply here. 

UEQ columns 27 through 39. 

d. RF1  Fillet radius on the driving gear. In. 

Use columns 40 through 52. 

e. RF2  Fillet radius on the driven gear. In. 

Use columns 53 through 65. 

Card 6 Gear material properties. Format (6E 13.5) 

a. YE1  Young's modulus (In bending) for the material of 
the driving gear, lb/In.. 

Use columns 1 through 13. 

b. YE2  Young's modulus (In bending) for the material of 
the driven gear, lb/In. 

Use columns 14 through 26. 

c. GEl  Shear modulus for the material of the driving gear, 
lb/In.2 

Use columns 27  through 39. 

d. GE2      Shear modulus for the material of the driven gear, 
lb/in.2 
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Use column« 40 through 52* 

«. P#81 Poltaon's ratio for the putterlel of the driving 
gear. Since thla ratio la uaed only In the alllow- 
ance for the 'Sd.de beam effect", It ahould be re- 
duced for the cases «here tooth face width is not 
much greater than tooth thlcknesa, with a limiting 
value of sero «hen the teeth have a width smaller 
than the thlckneaa. 

Use columns 53 through 65. 

f. P082 Polsson's ratio for the material of the driven gear. 
Comments for MSSl alao apply here. 

. Use columns 66 through 78. 

Cards 7-1 to 7-2N Point-by-point data. Format (4E 13.5) 

Total number of cards equal to twine the number of 
calculation points (N.) between pitch points of 
edjacent teeth, or the same as two plus four times 
the value of Fl (see card 4). Thla specifies that 
cards must be Introduced even if it is known that 

v there Is no contact at the particular calculation 
point or even If the tooth profile does not actually 
extend to the calculation point. As explained 
below, a blank card may be used for these points. 

For the driving gear, the first card is for the 
calculation point located (N.-l) points preceding 
befoxe the pitch point (or inside the pitch circle); 
the (N.)th card is for the pitch point; the last 
or (210th card is for the calculation point 
located (N.) points after the pitch point (or out- 
side the pitch circle). This last point may also 
be described as the point of contact on one meshing 
tooth when the pitch point is the point of contact 
on the next meshing tooth. 

For the driven gear which is an external gear, the 
first card la for the calculation point located (N.) 
points before the pitch point (or inside the pitch 
circle); the (N,+l)th card is for the pitch point; 
the last or (2NJ)th card Is for the calculation 
point located (N-l) points after the pitch point 
(or outaide the pitch circle). The point for the 
first card may also be described aa the point of 
contact on one meshing tooth when the pitch point 
is the point of contact on the previoua meshing 
tooth. 
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ZJ1 

b. UJ1 

ZJ2 

d. UJ2 

For the driven geer which la an Internal gear, the 
flrat card la for the calculation point located (N_) 
polnta following the pitch point (or outalde the 
pitch circle); the (N.+Dth card la for the pitch 
point; the laat or (2Rjth card la for the calcu- 
lation point located (Hyl) polnta before the pitch 
point (or Inalde the pitch circle). The point for 
the first card aay alao be deacrlbed as the point 
of contact on the neahlng tooth when the pitch point 
la the point of contact on the next neahlng tooth. 

Deviation of the point on the actual tooth profile 
on the driving gear fron the true involute (aa de- 
fined by the gear dealgn data), in. This true 
Involute la positioned relative to the actual pro- 
file ao that Its deviation at the pitch point is 
aero. Where the deviation repreaenta material 
added to the true Involute, it la positive; where 
It represents material subtracted, It Is negative. 
The deviation Is measured notmal to the involute 
profile. If the prof 11* does not extend to the 
particular calculation point or if it is known that 
the mating gear will not contact at this point, the 
deviation may be noted as aero. 

Use columns 1 through 13. 

Tooth support compliance, or any compliance supple* 
mentary to the tooth compliance Included in the 
analyals, on the driving gear, in./lb. This com- 
pliance la the deflection under unit load at the 
calculation point on the profile in the direction 
of the load (or normal to the profile). A uniform 
compliance for all calculation points, such aa 
would reault from a uniform gear shaft compliance, 
would not affect the final reaulta as far as motion 
irregularities or load tranafer are concerned; it 
would only increase the mean deviation in transmit- 
ted motion. 

Use columns 14 through 26. 

Deviation of the point on the actual tooth profile 
on the driven gear fron the true ii^'olute, in. The 
coonents under ZJl also apply here. 

Use columns 27 through 39. 

Tooth support compliance, etc., on the driven gear, 
in./lb. The cooaents under UJ1 alao apply here. 

Use columns 40 through 52. 
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Cards 8-1 to 8-NUZ Tooth load and spacing error data. Format (3E 13.5) 

The number of cards is equal to NUZ in card 2, and 
each represents a case for which an Individual set 
of motion and load data will be computed. 

a. WT   Total load, tangent to the pitch circle, trans- 
mitted by the gear teeth, lb. 

Use columns 1 through 13. 

b. VPT1  Tooth spacing error on the driving gear, in.  This 
error is based on the distance between the pi ich 
points of successive teeth, but the error is ad- 
justed to apply to the direction of the line of 
action. This adjustment is accomplished by multi- 
plying the pitch line error by the cosine of the 
pressure angle.  The error is positive if the 
measured spacing is smaller than the desired 
spacing. 

Use columns 14 through 26, 

c. VPT2  Tooth spacing error on the driven gear, in.  The 
comments under VPT1 also apply here. 

Use columns 27 through 39. 

Output Variables and Explanations 

Tabulation of Input Data 

Title 

Control numbers - NUZ, INT, NMZ, MN, MMM, as in input card 2 

Design data    - FI(«1), FNl(-Nl), RP1, ROI, RT1, RM1 
THETP, FNZ(-N2), blank, Roz or RI2, RT2, RM2 
Tl, Fl, RF1, YE1, CE1, P0S1 
T2, Fw, RF2, YE2, GEZ, P0S2 
all as in input cards 2 through 6. 

Calculated Data 

Incidental data - blank, RBI, BAI, BR1, ATI 
RP2, RB2, BA2, BR2, AT2 

where: RP2 - Pitch circle radius of driven gear, in. 
RBI - Base circle radius of driving gear, in. 
RB2 - Base circle radius of driven gear, in. 
BA1 - Arc of approach of driving gear, rad. 

193 



fc^wawns**»«.  BWBiiiBww^wwrwjwm«'» 'J-JiiwHMIWWWf1^ 

BA2 - Arc of approach of driven gear, rad. 
(negative on Internal gears) 

BR1 - Arc of recess of driven gear, rad. 
BR2 - Arc of recess of driving gear, rad. 

(negative on Internal gears) 
ATI - Angle of rotation of driving gear from 

tue position at which the line of 
action Intersects the Involute at the 
start of the Involute profile to the 
position at which the line of action 
Intersects the Involute at the pitch 
point, rad. 

AT2 - Similar angle of rotation of driven 
gear, rad. 

Check statement when part of the profile extends within the base 
circle. 

Program will continue In any case, and, where necessary, the root 
radius will be set equal to the base circle radius. However, In cal- 
culating the tooth profile and the tooth deflections, the original 
root circle radius will be used with the specified fillet radius.  If 
the root circle lies Inside the base circle by more than this fillet 
radius, a radial line Is assumed to connect fillet and Involute. 

Driving gear date - Jl, CJl, AJl, QJ1ABC, XJl, XMEl(-X), YMEl(«Y), 
YJ1, Jl, QJ1A, QJ1B, QJ1C 

where: Jl - Identification number for calculation 
points (see under Fl of card 4 In the 
Inpuc data). Listed for values of 
(-21) to (21+1). 

CJl - Condition of engagement If equal to 1 
and no engagement If equal tj zero. 

AJl - Angle of rotation from the position of 
contact at the pitch point to the 
position of contact at the calculation 
point - negative for points Inside the 
pitch circle, rad. 

XJl and YJl - Coordinates of the calculation 
point on the Involute profile with the 
origin at the gear center and with the 
X-axls as the. center line of the tooth, 
given only for the points at which con- 
tact will take place, with the mating 
gear. In. 

XME1 and YMEl - Coordinates of the point on 
the root circle midway between the 
tangent point of the fillet radius and 
the involute profile extended (and 
radial inside the base circle), in. 
This point is corsicered to be the end 
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of  Che effective base of  the tooth 4OT 

deflection purposes. 
QJIA- Elastic compliance of the gear tooth 

acting as a cantilever beam in bending 
only, normal to the profile at the 
calculation point,  in./lb. 

QJ1B- Elastic compliance of the gear tooth as 
a cantilever beam in shear only; other- 
wise as above. 

QJlC- Elastic compliance of the gear tooth as 
a rigid member rotating in its support- 
ing structure;  otherwise as  above. 

QJ1ABC -  Combined compliance of  the  three 
above,  in./lb. 

Driven  gear data    - J2,  blank,  AJ2, QJ2ABC,  XJ2,  YJ2,  XME2, YME2 
J2,  QJ2A,  QJ2B, QJ2C 

where:  J2  -  Identification number  for  the calcula- 
tion points.    For external gears,  J2 is 
listed for values of  (-21-1)   to  (21). 
For  this case,  contact  takes place be- 
tween points of  the two gears  for which 
Jl  = -J2.    For  internal  gears,   J2 is 
listed for values of  (21+1)   to  (-21). 
For  this case,  contact  takes  place be- 
tween points of  the  two gears  for which 
Jl  = J2. 

All  other variables are similar  to their  counter- 
parts  for the  driving gear. 

Additional input data - WT,  VPT1,   VPT2,  as  in input card  8. 

Data based on input  load    UN - 
QJD 

where:     WN -  Total normal  load  transmitted by  the 
teeth,   lb. 

QJD -  Contact or Hertzian compliance combined 
for both teeth at  the contact point, 
in./lb. 

Tooth meshing errors  and  loads  -  JC1, AJC1,  EJT, WTC,  WTD 

where:     JC1  -  Identification number  for  the calcu- 
lation point on the first  tooth of 
the driving gear,   starting with  the 
first point after   the  pitch point and 
ending with  the point  corresponding  to 
the pitch point of  the  next  tooth. 

AJC1  - Angle of rotation of   the  driving gear 
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from its position with contact at the 
pitch point to the position with con- 
tact at the calculation point, rad. 
The last angle is the tooth spacing 
angle. 

EJT - Tooth meshing error or deviation from 
pure conjugate action, as a pitch line 
linear measurement of the motion of the 
driven gear leading the driving gear, 
in. A negative value indicates that 
the driven gear fs lagging the driving 
gear, as might be caused by deflection 
of the teeth. 

WTC - Tangential load carried by the first 
pair of teeth, lb. 

WTD - Tangential load carried by the second 
pair of teeth, lb.    «■ 

Fourier Coefficients - I, A, B. 

where: I - Order of the harmonic to which the 
coefficients apply. The zero order 
refers to the constant component. 

A - The Fourier coefficient of the cosine 
or real component for that harmonic of 
the meshing error, in. The value for 
I ■ 0 is twice the constant component 
or mean value of the meshing error. 

B - The Fourier coefficient of the sine or 
Imaginary component for that harmonic 
of the meshing error, in. 

Program Listing of Source Deck 

This program was written in FORTRAN II - Extended and may be compiled with 
FORTRAN IV. It was developed on the IBM 1800 Computer. In the source deck 
listing which follows, the READ and WRITE statements are written with the 
variable NR to specify the reading unit and with the variable NW to 
specify the writing unit. To recompile the program for the IBM 7090, in- 
troduce the required unit numbers by making the necessary changes on the 
cards as noted in the listing. 

In addition to the controlling portion of this gear calculation program, 
named GEARO, there are three subroutines.  The first, AJCDH, in turn calls 
the second, CALCJ.  Both of these are used in the gear calculation proper. 
The third subroutine, FOUR, performs the Fourier analysis. 

Running time on IBM 1800 was approximately 

3  minutes for a first case with 25 calculation points end one 
set of load and profile data 
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1.2 minutes additional for each similar case with new design data 

1  minute additional for each new set of load or profile data. 
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GEARO - G««r Tooth Ikthln« DavUtlon« 

"TTIMEKSION'     u 
ltZJCl(25) ,ZJD1(2 

JC1 ( 2 5 ) . Ü JPl ( 2 5 ) .UJ2(')0) .UJC2(Z"5,),UJD2(25) tZJl (50) 
^),ZJ2(50)tZJC2(25liZJD2(25)tüJl{50).OJC1 (25),OJDl 

2(25)iüJ2(50) .QJC 
35).CJD1(25) . 

2(25). rJl(50)»UJl (50). CJC1(2 
AJl(50).AJ2(5O).C3JC(50).üJD(50).ZJC(50)»ZJD(50 

.FJJ(50).Aj<!l(55),AJ^J(J5),FJ(;i(25).  OJD2(2ü) ,2M2I 

rröT".QjT50) tAJ(5Oi.XJ(50).VJ(50).A(25).B(25).G(50) 
FJ,CC.YM,NN.N.FNJ.EP.TAN.RB.GM,F,XM.MN.I I »M 

"Ar.vjrsöj.'EJKWf 
55J) .UM2(50)  

COMMON   PJI50 I.CJ 
COMMON   DD.BR.BA 
COMMON   QA(5J).QB 

1) .QC2(5C)    . IH.IP 

NW=    3" 
19b   READ(NR.IUO) 

"(50) .QC( 50) .OA1 f50) .CP1 (50) .QC1(50) .QA2( 50) .OB2( 50 

INITIALIZE" READING   AND   WRITING   UNITS   FOR    IBM   1800 

READ(NR.117)NUZ. 
READ(NR.112 )FN1. 

INT.NMZ.MN.MMM 
FN2.RP1.THETP.R01.RÜ2 

READ(NR.112)RT1. 
READ(NR.112)T2.F 

RT2.RM1,RM2,FI,T1 
l.F2.RFl,RF2 

READ(NR.112) YE1.YE2.GE1.GE2.P0S1»P0S2 
WRITE(NW.IOO)  
WRI 
WRI 

TE(NW.101) 
TE(NW.108) 

WRI 
jyRJ 
WR I 
IF( 

TE ( NW»109 INUZ. INT.NMZ.MN.MMM 
TE(NW.104)   
T£(NW.1C2)F;. 
MN)    -31 ! .510.5 

FN1.RP1.ROl»RTl .RM1 
11 

510 WRI 
GO 

TE(NW.103) 
TO   512 

511   WRITE(NW.160) 
^ii WRITE(NW.15e)THETP.FN2.R02.RT2.RM2 

"WRITE(NW.105) 
WRI TE(NW.102)T1.F1 .RFl.YEl.GEl.POS1 
WRI 
WRI 

TE(NW 
TE(NW 

.107) 

.102 )T2.F2.RF2.YE?.GF:2.P052 
WRI 
IF( 

TE(NW 
F1-F2 

.1641 
)    32C.320.321 

321   FF2 
GO 

«F2 
TO   32; 

1 320   FF2= 
32:   FF2=FF2«»0.8 

THE 
IF( 

TP = 0. 
MN)    3 

01745323 
C4.3C3.3 

«»•THETP 
04 

303 
3Ü4 

T2 = 
DD1 

-T2 
«-Tl/2.0/RPl-»THETP 

F12 
RP2 

= FN1/ 
«RP1/ 

FN2 
F12 

DD2 
FNJ 

«-T2/ 
'2.0* 

2.0/RP2+THETP 
F I +1 . C 

N = F 
NN = 

NJ 
N*N 

CS» 
SS = 

COS   ( 
SIN   ( 

THETP) 
THETP) 

TAN 
EP1 

=SS/CS 
»1.0-POS1«POS1 

EP1-YE1/EP1 
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[■■■MMWillWHi 
I   • *  ■•;■ 

4C4 

'4 0 3 

450 

440 
402 

40 1 

611 
I13 

617 
215 

3 i i 
216 

"3W 
62 1_ 

620 
TTT 
191 

EP2=1.C-POS2»POS2 
EP2=YE2/EP2 
E'P12=(T.0/E'Pl'+1.0/EP~2')*C.5 
EP12=EP12»*0.9 
RBr«RPl»CS 
RB2=RP2»CS_ 
C1=R01/Rdi 
C2 = R02/_Rd2         
BR2=(S0RT (C2»C2-i.0)-TAN) 
BRl = (SQRr_(C^»Cl_-l .0)-TAN) 
C'3»fAN/F12 
IF(DR1-C3^   403.403.404 
BR1="C3 
WRITEINwltlZ61BRl _ 

"BA"1=BR2/"F"12 
BA2=BR1«F12 
IF(MN)    44"9.4 50.440 
BAlr-BAl 
BA2=-BA2 
IFjBAl-TAN)    4C1.4ÜJ.402 
BA1=TÄN 
WRITE(NW.125;BA1 
C1 »'6 » 2831 845/FNi 
IFIBA1-C1)    213.213.611 
WR1TE(NW". 174)" 
IF(BRl-Cl)    215.612.612 
WRITE (NW.fTS) 
C1=RT1/RB_1_   
C"2 = RT2"7RB2 
Cl   =SQRT   (C1*C1-1.0)-TAN 
A'Ti'ADS   (CD 
C2   =SURT   tC2»C2-1.0)-TAN 
AT2«ÄBS   rc'2) 
WRlTEiNft,.122I   

"WÄrTT(NW»159)ffai ,BÄ1 >BR1 .ATI 
WRITE(NW.162 ) 
WRITE(NW.102)RP2.RB2.BA2.BR2. 
rF(ATl-BAl»    311.215.216 
WRirE(NW.176)   ~ 
1F-LA T 2-BA2 )    309.2 1 7 j_2_l 7  
IF(MN)   620.621.62J" 
WRITF(NW.17P) 
GO  TO  217 " 
WRITE(NW.^9 ) 

PTBl ) 

AT2 

RM1=RB1 
"'       <JRITEINW.118IRMT-" 

1 92   AMURM1/RB 1_ 
C1 = Ä"MT 
AMl'SQRT    (AM1«AM1- 
C 2"="RF 1/"P'Bl 
PF1=C2 

 <!3.|Cl-fC2)»»2 
IF(C3) 

1 9 T. 192.192 

1.0)-TAN 

rro^" 
406.406.407 

4Ö6" 
TPD1=0.0 
WRITE(NW.156)PD1 " 
GO   TC   408 

407   Pör=50RT   If*) 
TPDl'ATAN   (PD1) 

"TCS" I7(RM2-RR»t   193.194.T94 
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' 

RM2sRB2 
WRlTE(NWtn9IRM2  
AM'2«RM2/RB2 
C1=AM2 _____  
"SM2 *Stf R T (AM?»AM2-1.Ol-TAN 
C2=RF2/RB2 

^.55   C2«-C2 
456  C3«(C1+C2)»*2-1.0 

IF(C3)    409«409.410 
409   PD2''0.Ü 

TPD2«0.C 
WRITE(NWil55IPD2 
GO   TO   411 

410   PD2«$ÜRT   (C3) 

411 
TPD2«ATAN (PD2) 

El'PFl 
E2»PD1 
E3»TPD1 
E4«RM1 
DD«DD1 
Cl-AMl 

201 C2«D0*C1 
C1=ATAN (TAN+Cl) 
C4-C1-C2 
C3«E3-E2-DD-fTAN 

425 
IF(K1-1 ) 
IF(MN) 4 

422.422f425 
22.421,422 

421 C3«- 
C4»- 

C3 
C4 

422 C1»C3*E1 
C4«(CH-C4)»0.5 
Y«E4»SIN 
X-E4»C05 

(C4) 
(C4) 

202 
IF(K1- 
XMI-X 

II 232.202.203 

YM1«Y 
K1«K1*1 
DD-DD2 
C1-AM2 
E1«PF2 
E2'PD2 
E3«TPD2 
E4«RM2 

20" 
GO TO 20. 
XM2>X 
YM2"Y 
EE>6.283 
CC'EE/FN 
FJ m-fHJ 

1654/FNJ 
1 
♦ 1.0 

RB"RB1 
BR»BR1 
BA«BA1 
DD-DD1 
XM«XM1 
YM'YMl 
GM-GE1 
F-Fl 
' 1-1 

200 



AHMHMMMM 1 mmmm 

515 

Tib 
221 

517 

EP=EP1 
WRlTE(NWtl51 ) 
CAlL AJCÜH 
DO   221   l'ltNN 
ci       «xj( i)  
C2 -YJ( I 1 

'Fj'i( i )i"pj(; i" '  
CJ = CJ_( I ) _ 
AJlTn'A'jCI) 
QJKD'QJl I ) 

'TRTVTH 
1^ 1 = I P 
QAi (r)x3A( rr" 
OBJ {2)_=aB( i r 
OCH ri'Qr fi V 
IFlC3I 515»515t516   

'WRITE(NW.102iFJlil! tC3.ÄJ1 M'l" 
GO TO 221 
WRITE(NW.102)FJlll).C3.AJl(Il.üJl(I).Cl.C2 
CONTINUE 
"wR'l TETNW . 1 20 l XM]", YM 1 
WRI_TE(NW.1_61 ) _ 
"DO 517 I«IH1,1P1 
WRITE(NW.1C2)FJ1 (Ii .QAKI).3B1 ( I).QC1(I I 
DD-DDi  ' 
RiS-RÖ2 
XMVXM2 
YM«YM2 

301 
IF(MN) 
FJ'FNJ 

302.301.302 

302 
'310 

GO   TO   310 
FJa-FNJ 
F-?2 
EP»EP2 

CC»EE/FN2 
fl^I 
WRITE(NW.152) 
CALL 
L«NN 

AJCOH 

TV -fIT 1=1.NN 
XJ(I 1  
YjTT) 

-TH" 

520 

222 

C5 
IH2«IH 
\P2'tt> 
0A2(Il'QAIlI 
sirnrnsBrn  
QC2(I)»OC(I) 
Fj2rn«Tjui    
C1'AJ( 1 )  
AJ2(L)«Cl 
C2'QJ(1 )  
0J2(L)=C:r 
IF(C2I   519.518.519 
tmTnwnTrrrjFrnrn 
GO   TO   520 
mrrrnfWTrfrrrnTnrrriU TT^TTT 
IF(L-l)    222.222.226 rrurr  
CONTINUE  
WRITE(NW.120)XM2.YM2 
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»21 

251 

107 

2^1 

415 
1<J9 

41 8 

2b6 

2h9 

'.•RtTFIMW 
00 521 I 
WiU TEINA 

DC 251 I 
IN=I+N 
FJC1 (11 = 
AJC1(11= 
Ajr2(Il= 
OJDI (n = 
JJC1 ( I ) = 
QJC?( 1 ) = 
;jj^2( I) = 
rjDi( I ) = 
CJC1 ( 1 ) = 
VIIZ = ! 

vViZ = l 
- p i T n N •. 
L =NM 
DC   2.9   I 
RLADiNRi 
A R I T C ( N.. 
V-l ( L) =Z 
U'-'a (L 1 =U 
IML-1 ) 
L=L-'. 
CON! iNur 
DO   ' 15    I 
IN=I+N 
UJ01(i1= 
UJC1(I) 
ilJC2( I 1 = 
UJD2(I ) = 
ZJD1( I ) = 
ZJCK I ) = 
ZJC2( 1 1 = 
ZJD2(I)= 
OJC( I I=L; 
OJÜ(I)=3 
ZJC( I )=Z 
RFAD(NR« 
wRimN.s 
ARITF(NW 

li,N«WT/C5 
VP1=VPT1 
VP2=VPT2 
WRI TE(N/: 
IF(WNI 2 
Cl ='.v'N»»o 
00=1.37/ 
W R I T F ( N / 
ARI TE(\.-, 
00 501 I 
ZJD( I 1=Z 
CCC =0 
HDD =G 
Cl=CJC1( 
r2=rJDl( 
IF(C1 I    2 
1 f ( C 2 I 5 
IK(C2I 2 
VJ( I )-ZJ 

tlb-» 1 
= Irl2, IP2 
.1C2)FJ2(I I .; 
= liN 

FJ1(INI 
AJ1 ( iM 
iJ2(IN) 
QJ1( 1) 
uJl(IM) 
^J2( IM 
UJ2( I ) 
CJ   ( I ) 
C J   (INI 

.11-) 

= 1.MN 
112IZJ1( I I ,L 
.102 )ZJ1 ( I ) . 
J2( I ) 
J2( I ) 
2)').209,225 

A? ( I I .t.b2 ( I ) ,UC2( 1 ) 

Jl( I ) .ZJ2( ! ) . JJ2 
JJ! ( I )./J2 I I ).UJ 

( I ) 
2(1) 

= 1.^ 

JJ1 ( I I 
JJ1(INI 
UM2(INI 
U'12 ( I I 
ZJK I I 
ZJ1(INI 
ZM2(INI 
2M2(I I 
jci (I ) + OJCI (;) +JJC2( i ■) + UJC2( 

JIM ( I l+UJDl ( I 1 +0JiJ2( I I ♦UJD2( 
JC1( Il+ZJC? ( I I 
1 12IWT.VPT1 .VPT2 
.105) ' 
.10?IWT.VPT1.VPT2 

I I 

71 IV, N 
.214.41« 

2»::P12/ri 
7: )0D 
151 
»N 
1 ; I I VZJJ2 ( I I *-VPl-VP2 
( I )+Q0 
(I)♦QD 

.256.257 

.501 . 2 5 cj 

.2 5 9.2 00 
l)-CCC   »AN 

202 



mmmrvm». .^WOBj^wMr«»«!^*^^^ 

•WN 

' WTC»WN»CS 
WTD^O.O  
GO" TO' 261 

258   VJ_( 1 ) ^ZJCM n-DDD 
_"WTCiO«Ö  ~ ' 
 ^W T D » WN«CS  

(30   fO   261 
260   C3 = CCC        *WN+2J0(1 )-ZJCn^ 

"C4*DbO 
IF(C3) 

'•rtN+2JC(I)-ZJD(I) 
25"? .259.262 

262 
263 

"IF(O)   258/2517263 
Cl =_CCC + DDD  
C2=CCC        STJD(I)+DDD 

_VJ(I )=C2/C1 
•ZJC(I)-CCC»DDD»WN 

-ZJD(I))»C1 

261 

501 

?1 
ZU 

502 

WTC=(DDD«WN-t-ZJC( 1 )■ 
WTD=(CCC»WN + ZJD(Il-ZJC( I ))»C1 
EJ1( I)=VJJ_n/CS _  
WR I TE(NW.102 IFJCI( f) .AJC 1(1).EJl ( I).WTCiWTD' 
CONTINUE 
M = F I 
W RIT E1NW.126) 
DO  20 1=1.N 
G( I)=EJ1(I) 
CALL 

wirrc VNW . 129)1?.A( n. b (n 
^F(NUZ-MUZ)    50^.504.502 

GO 
504 

"-MU2 + 1 
TO 199 

= 1 

-"214 
503 

"~nrr 

MÜZ = 
IF(NMZ-MMZ) 
MMi"MMZ41 
GO TO 197 

CALL EXIT 
FÜRHÄr(72ril 

214.214.506 

T$8V505 

) 
MöiT^CöMPuTAtTONS  OF GEAR  TÖÖTH MESHING  ERRORS  

1      3-22-1966 )_     
TSl'TÖftMAT ( 6t 1 3 . 5') 
103 F0RMAT(12H0     PRE.ANGLF.7X2HN224X3HR 12 10X3HRT210X3HRM2 ) 
104 FöKMÄTT/TXlHIUVJRfliniOHffPUÖXSHRerieXSHRmöM'SHRHl)  
105 F0RMAT(/6X2HT111X2HF111X3HRF15X12HY0UNG$   M0D-12X11HSHEAR   MOÜ-12X11 
 IHPÖS.RATlO-l)  

106 FüRMAT(//54H   INPUT   DATA   ON   TANGENTIAL   LOAD   AND   TOOTH   SPACING   ERROR 
i76:x2Hwnox4Hvprr9x4HvPT2) ~ 

107 FCRMAT(,'6X2HT211X2HF211X3H,7F25X12HY0UNGS   MOO-22X11HSHEAR   MOD-22X11 
 IHPÖS.R'ATIÖ-Si  
108 FORMAT(62H0 SETS OF VP INPUT    SETS OF U.Z  DIFF.GEAR N.QF HA 

1RMONIC) 
109 F0RMAT(4X14,<»(8XI4I I 
UÖ  FORMAT (6ÖHCTNPUT  LISTING  OF  PROHTT 

1ANC£/6X2HZ11 1X2HU111X2HZ211X2HU2) 
FORMATt6El 112   FORMAT(6Ei:.5t 

115   FORMAT(42HOCALCULATE0 
 1JCUX11HTANG. 

TOOTH   MESHING 
ERRORfeX3HWTCl()X3HWTI5l 

ERROR AND SUPPLEMENTARY CöHPLT 

ERRORS ANO LOADS//6X3HJC 19X4HA 

117 
TIT 

FORMAT(515) 
FORMATfTCTröWrrVTTKT STAR  INPUT  ROOT RADIUS  SMALLER  THAN  BASE  CIRCLE 
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1 RADIUS-CHANGED T0//6H RM1*. C13.0) 
119 FORMAT (74H00R I VtN GEAR INPUT ROOT RADIUS SMALLER THA\ LiASC CIRCLE 

1 RADIUS-CHANGED T0//6H RV2=. EH.fc] 
12C FORMAT (4BHOCOOD. OF FFFFrTWr TOCTii PROFIT" AT ROO • C I RCLE11 * 1 HXT 3 

1X1HY/52X.2E13.6) 
122 FORMAT(/19X3HRB!1 OX?HBA110X3H3R11 OX3HAT2 I 
125 FORMAT (66H0 DRIVEN GEAR TEFTH ENGAGE UNI..IR CUT PORTION CF DRIVING 

1GEAR TEETH//6H UA1 = . E13.6! 
126 FORMAT (66H0 DRIVING GEAR TFET.i ENGAG? UNDER CUT PuRT|ON' Cc' .>*1V*.. 

1GEAR TEETH//6H ORl = . C13.6J 
128 FORMAT (<>3H0CALr ULATED FOURIER COFFFIC!ENTS "OR E R < j r< 5 / / "••i • >/ 

1 5 H A ( I ) 13X4HB( I ) ) 
129 FORMAT!17.2(4X E14.7)) 
132 FORMAT ( E13.5.13X.4E1?.;>) 
151 FORMAT ! / 6X2HU111X3HCJ110X3HA JlfiXoHQ J1 Ac5C9X3HX 11 '*• X 3r>y J 1) 
152 FORMAT! /6X2HJ22<»X3HAU2oXf>p'Co2AiiC9X3^X.2 10X JfV ! 
155 FORMAT (75dODR IVEN GEAR INPUT RADIUS" TO F'S L t * :"EV>R fftCR* •':D TO 

1 ilASE CIRCLE RA0IUS//6H PCI*. E13.6) 
156 FORMAT!75H0DRIVING GEAR INPUT RAD I US T 0 FILL'T CENTER I NCR' A'.*f> TO 

1 RASE CIRCLE RA0IUS//6H =>r;2 = , E13.6! 
158 FORMAT(2F13.5.13X.»E?*.5 J 
159 FORMAT! 13X.Ar 13. 1 
160 FORMAT! 12HC PRE.ANGLE?X2iN224X2MR62T0X3HRT21OX3HRM2> 
l o l FORMAT ! / 6 X 2 n J 1 1 0 X 4 N Q j l A ' > X 4 H l i J l b 9 X 4 H v j J l C i 
162 FORMAT ! /6X3HRP21CX?MR132 I OX 3HbA2 10X3HUR2 1 o"X3HAT 2 ) 
163 FORMAT ! /6X2HJ21CX4HG J2 A'?X4HQJ2B9X4HQj2C ! 
164 FCRMAT!//16H CALCULATED DATA I 
170 FORMAT (43H0CALCULATED TOTAL CONTACT COMPLIANCE 0 jp= . E 1_3 .6 ) __ 
171 FORMAT! 23HOCALCULATFO NORMAL W~N* . F13.6)'" " 
174 FORMAT 18OnC ANGLE OF APPROACH ON DRIVING GEAR lo GREATER THAN TOOT 

1H SPACING ANGLt. PROGRAM./25rCGNT INUED WITHOUT OVERLAPI 
175 FOKMAT!7bh0 ANGLE OF RECESS ON URI VING_GEAR I5_NOT SMALLER THAN TO 

10TH SPACING ANGLE. /34n PROGRAM CONTINUED WITHOUT OVERLAP, 
176 FORMAT 181HC DRIVING GEAR TEETH MFSHJNC. ON_PRCFILE INSIDE OF T T F 01 

1AMETER. PROGRAM CONTINU-/21HED WI THOUT CORRECT ION! 
178 FORMAT!8OHO DRIVEN GEAR TEETH MESHING ON PROFILE OUTSIDE OF TIF D 

11AMETER. PROGRAM CONTI ''!-/22HUEC WITHOUT CORRECTION) 
179 FORMAT!83H0 DRIVEN GEAR TEETH MESHING ON PRCFILE INSIDE OF T ! f- DI 
• 1AMETER. PROGRAM CONTINU-/2luED WITHOUT CORRECTION) 

END 
FOR AJCDH " " ----- -- — — 

SUBROUTINE AJCDH 
DIMENSION SD(SO) .CDI50) »BIK!50) .AIKI50I •FLKI50' .C!>C(50>~~ 
COMMON PJI50 ) .CJI50 ) .UJI50) .AJ! 50 • »XJ( 50) «Y J! 50) • * 1 25 ) .3125) .G(_50 
COMMON DD.BR.BA.FJ.CC.YM.NN.N.FNJ.EP.TAN.R!i.G '.F .XM.MNVi t .M 
COMMON QA(50).QBI50).OCI 50),QA1(50).061!50).0( 1(50) .0A2(50).0S2(5 
1).3C2(5C).IH.IP 
DC 1J6 1*1.NN 
OA(I)*0.0 
OBI I)*0.0 
CC(I)*0.0 
Q JI I)*0.0 
XJ(I)*0« 0 

106 YJ(I>*o.o 
IF(II-l) 405.405.40? 

405 MM*1.0 
GO TO 404 
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4 
4 04 <-"-l 

OC S-.I 1=1.N\ 
AJIt)ffCJ*CC 
PJI I )= r J 
IF(H-1> 4.2.412.4!"1. 

41,i CALL CALC-'I AJ< M .'iR.3A.XY i 
CJiI) = XY 
OC TO 414 

413 Xt*CDC<!i 
4 1 4 I ^ t XY » 5 0 3 . 5%. 3 . 10 1 
1 0 1 ! f ( K - l ) 1 0 2 . 1 , 0 2 . 1 : 3 
i•• 2 I H* I 
1?3 A X® A J i : 1 

n j = o r * A x 
S D ( I ) = S I M O J J 
CO« :>*CCs ! D J ! 
01 a A T A \ . TAA-t 5 » ) 
C3» f .C i ( C j ) 
C 4 * C 2 - D J 
I f l W ! 4 C 2 . - i 0 1 • • iC: 

4 : - ; ' - 4 S - C 4 

4^2 r ^ iS I?M I C O 
C6*C0.S ( C 4 I 
C!=R-3/C3 
X J i 1 ) *C l *C f c 
Y J t I » «C1*C5 
l F ( k . - l ) 2 4 2 . 2 4 2 . 2 4 ' 1 

24? 8 1 M I ! * I Y J t I ) • « 3+Y1 ' ,«»3 1 / 3 . " -»F 
a I*. I I I « ( v j ( ! i *Y ' /1 * ? 
•-"Lit ( I ) *XJ! ! -XM 
GC TC 5C4 

243 BI<<n»IYj(:)«»3*YJ<I-l)»*3)/3.0»F 
A K U ) = ! YJ( I )+YJI t-1 ) l»F 
Fl.K.1 ! ) = XJ( I > -XJ! !-! ! 

504 <-<+3 
503 IF(l-NN) 502.501.501 
50? IF(MM) 506,505.536 
505 FJ=FJ-;. 

GO T0 501 
506 rJ-FJ+l«C 
501 

JFlII-1' 301.3-1.302 
301 601.3 2.621 
601 Lt *NN 

0 0 3 0 3 I = ! . M N 
C O O t i * f J ! L L • 
! c i L i . - ! > 3 0 3 . 3 0 3 . 3 0 5 

3 0 5 L L = L L - 1 
3 0 ? C O M I NOt 
3C2 IP=K*IH—2 
4 1 0 DO 2 4 6 L = ! H . I P 

E1 * C # 0 
F 2 * C . C 
F 3 » 0 « C 
F 4 « 0 . C 
EE*XJ< L l - X V 
IM*L 
IF(MM) 2 0 2 . 2 C 3 . 2 C 2 

2 0 3 E E — E E 
2 0 2 DC 2 4 5 ! = I H . I M 
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CI =XJ(LI-XJ C I ) 
C5=FLK( I ) 
IF(MM) 207.208.2C7 

208 C1=-C1 
C5 — C5 

207 C2=C j/bU(I) 
<"3*(r5+3.')»r] >»<-«+•».r«ri*r] 
E4».C4+C? 
C»»2.0«C1+C5 
ri«El+C3»C2 
L2«E2+C4»C2 — ~ 

245 ;:3»r3 + C5/AIK( I ) 
1C(MM> 206.2-5.2C6 

205 I V-= IM-1 
206 Cl«CO(L)»CD(L) 

C2«SD(U)»YJ(L) 
QAILI »C1/3.0»E1/EP+(C2»E4-CD(L > »E2)/EP»C2 
QB(L) »C1/GM»E3»1.2 
C1 *(EE»CO(L)-YJ(L)*SD(LI)/YM 
0C(L)«C1/EP»1.32 7/F»C1 

246 UJ(L)=3A(L)+UB(L)+CJC(L) 
RETURN 
END 

Subroutine rtfin 
SUBROUTINE FOUR 
5 ™ ! ^ P J ( 5 0 1 •CJ(50).3JC50> .AJ(50).XJ(50).YJ(50) ,A(25) ,U<25) ,G(50) 
COMMON OD.BR.BA.FJ.CC.YM.NN.N.FNJ.EP.fAN,'RBYGM.FTXMTMN7ITTM 
C«1.0 
s*c.o 
N1*M+1 
AN = M 
N2=M»2 
T1»2.0/(2.0«AN+1.0) 
T2=T1«3.1415927 
Ci=COS (T2) 
S l ' S I N { T 2 ) 
DO 7 F P • 1 . N1 
U l = C . O 
U2*G.O 
DO 3 1 = 1 . N 2 
J » N 2 - I + 2 
U 3 « G ( J ) + 2 . 0 » C * U 1 - U 2 
U2»U1 " 

3 U1»U3__ 
A ( I P ) « T 1« ( G( 1 f + C » U l - U 2 ) 
B t I P ) = T 1 * 3 * J 1 
Q = C 1 * C - S 1 * S 
S « C 1 * S + S 1 * C 

7 C=0 
RETURN 
END 

SubroutJ"* r y r ' 

SUBROUTINE C A L C J ( C 1 . C 2 , r 3 . C 4 f 
I F I C 3 ) 2 4 0 . 2 3 1 . 2 4 1 

2 4 1 I F ( C1 )" 2 3 0 . 2 1 3 . 2 1 8 
2 3 0 I F ( A b S ( C 1 J - C 3 ) 2 2 0 . 2 2 0 . 2 1 9 
2 3 1 I F ( C l ) 2 1 9 . 2 1 8 . 2 1 8 
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240 IF(£i) 219,21$,242 
2H2 C3=-C3 

IMC:-C3> 219,218,218 
218 IF(C2-C1) 219,220,220 
220 "Ci»="l."0 

GO TO 221 
219 0 = 0.0 
221 RETURN 

END 
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Input Ll»tln« of S««pl« C*a* 

UPPER   SUN   DRIVING   PLANET   -   CASES   108,   8-14-67 
 i a 

r.7, 

.1896 

i _-. i  
31. 

1.34 

6-. 
3.3530 
iii49 
1.333 
liüQÜQQO, 

22. 
1.6825 
.056 
1I60Ü000. 

3.4398 
12. 
.056 
.3 

1.9405 
.175 

.C 
^Q.  
.ü 

.^li  
.OU0U3 

.0O0.J9 
.00012 
.00015 
.0001« 
.ÜÜÜ22 
.ÜÜ026.. 
.0003 
.ÜÜQ3 
.0U0?6 
.Q0Q22. 
.00018 

.00012 

.QUQJ9 

.ÜÜÜU6 
,UüQU3 
.0 

.0001 
. «QQtm 
.0002 

.00025 

.00021 

.00015 
^.0001.2 
.000U9 

.OÜ0U3 

.0 

.0 

.0 

2500. 
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CLB,   GEARO   LD   XQ 

UPPER   SUN  DRIVING PLANET   -  C*S(SS   10.8,      8-14-67 

PN0335>COMPUTATI0N$   OF  GfcAR   TOQTH   MESHING bRRÜRi 3-^^-19<?6 

SETS  QF   yp INPUT SETS   ÜF   U.Z      D1FF.GEAR   N.UF   HARMUNIC 
1 1 1 

I Nl. RP1 RÜ1 HT1 RMI 
0.12000E   02     0,5TOOOE   02     (),33530E   01     ü,3't398E   01     0.32t>3''fc   01     0.3199CJ:   01 

PRE.ANGLE N2 
0.22000F   02     0.31000E   02 

kü2 RT2 RM2 
0.19'.0Se   01      0.17430b   01       0.16825E   01 

Tl Fl RF1 YÜUNti   MUÜ-1      SHEAR   MÜD-1       PUS.RATIO-1 
0.17500E   00     0.15400E   01     0.56000E-01      0.300001-   08     0.1160ÜE   08      0.30000E   00 

T2         F2      RF2 YQUNC-3   MOD-2      SHEAR   MOC-2      PUS.RATIO-2 
0.18960E   00     0.1333OE   01     0.56000E-01      0.30000E"08     0.11600E   08      0.30000E   00 

CALCULATED   DATA 

RBI ?A1 BR1 ATI 
•1088E   01     0.86'575E-01     0.69517E-01      0.95442E-01 

RP2 
0.18235E   01 

RB2 
0.16907E   01 

BA2 
0.12782E   00 

BR2 
0.15918E   00 

AT2 
0,15357E   00 

DRIVEN     GEAR    INPUT   ROOT   RADIUS   SMALLER   THAN   BASE   CIRCLE   RAO IUS-CHANGEU   TÜ 

RM2»   0.169077E   01 

Jl 
-0.24000E   02 
-0.23000E   02 
-0.22000E 02 
-0.21000E 02 
-ID.20000E 02 
-0.19000E 02 

CJl 
Ö.OOOOOE   00 
O.OOOOOE   00 

■0.iÖ582E   00 
-0.10141E   00 

0J1ABC x.n YJ1 

^Ö.ISOOQE"   02 
-0.17000E   02 

O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
0.10000E 01 

-Ö.UOÖÖf  02 
-JKUOOOE   q2_ 
-0.14000E  "02 
-0.13000E   02 

0.10000E   01 
0.10000E   01 
Ö.1ÖÖÖÖÜ 01 
0^10000E 01 
Ö.IOOO'ÖE 01 
0.10000E   01 

-0.97003E-O1 
-0.92594E-01 
-0.88185E-01 
-0.8J775E-^L 
-Ö.79366E-01 
-0.74957E-01 
-0.70548E-O1 
-0,66138E-01 
-0.6i729E-01 
-0.57320E-O1 

0^168441-07 
'0.18320E-O7 
0.19863E-07 

0.32622E 01 
0.32665E 01 
0.32V08E   01 

^0^11693^  00 
0.11572E   00 
O.H44«E oo 

0.21479E-07 
0.23171E-07 
0.24945E-07 
0.26eO7E-O7 

-0.12000E   02 
-O.llOOOE   02 

0.10000F   01 
0.10000E   01 

0.32751E 01 
0.32796E Oi 
0.32840E 01 
0.3?885E 01 

-0.10000E   02 
-0.90000E   01 

0.52911E-01 
-0.48501E-01 

0.28762E-07 
0.30817E-07 

0.32931E   01 
0.32977E   01 

0.11321b 00 
0.11189E 00 

"0.11054E 00 
0.10915E 00 
0.10773E 00 
0.10626E 00 

0.10000E   01 
0.1000OE   01 

-0.44092E-01 
-0.39683E-01 

0.32978E-07 
0.35254E-07 

-0.80000E   01 
-0.70000E   01 

0.10000E   01 
0.10000E   01 

-0.60000E   01 
•0.50000E   01 

0.10000E   01 
0.10000E   01 

-0.35274E-01 
-0.308b4E-01 
-0.26455E-C1 
--Ot2ZO^^E-Ol 

0.37651E-07 
0.40179E-07 
0.42848E-07 
0.456b5E-07 

0.3-3024E 01 
0.33071E 01 
0.33119E 01 

0.33216E 01 
0.33265E 01 

0.10476E   00 
0.10322E   00 
0.10163E   00 

0.98353E-01 
0.96648E-01 

-0.40000E   or 
•0.30000E   01 

0.10000E   01 
0.10000E   01 

-0.17637E-O1 
-0.13227E-O1 

n.48643E-07 
0.51792E-07 

0.33314E   01 
0.333fe5E   01 

0.94902E-01 
0.93113E-0] 

-0.20000E   01     0.10000E   01   -0.88185E-O2     0.55127E-07     0.33415E   01      0.91282E-01 
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-0.100006 01 O.IOOOOE 01 -0.440926-02 0.586596-07 
0.624066-07 
0.663806-07 

0.334666 01 0.894076 -01 
O.OOOOOE 
O.IOOOOE 

00 
01 

O.IOOOOE 01 
O.IOOOOE 01 

O.OOOOOE 00 
0.440926-02 

0.335ieE 
0.335706 

01 
01 

0.874896 
0.855276 

-01 
-01 

0.20Ü00E 
0.300006 

01 
01 

O.IOOOOE 01 
O.IOOOOE 01 

0.881856-02 
0.132276-01 

0.70602E-07 
0.750906-07 

0.336236 
0.336766 

01 
01 

0.835216 
0.814696 

-01 
-01 

0.40000F 
0.500006 

01 
01 

O.IOOOOE 01 
O.IOOOOE 01 

0.17637E-01 
0.22046E-01 

0.798656-07 
0.849516-07 

0.337296 
0.33783b 

01 
01 

0.793726 
0.772296 

-01 
-01 

0.600006 
0.700006 

01 
01 

O.IOOOOE 01 
O.IOOOOE 01 

0.2645b6-01 
0.308646-01 

0.903736-07 
0.961606-07 

0.338386 
0.338936 

01 
01 

0.750406 
0.728046 

-01 
-01 

0.800006 
0.900006 

01 
01 

O.IOOOOE 01 
O.IOOOOE 01 

0.352746-01 
0.39683E-01 

0.1C234E-06 
0.108956-06 
0.116046-06 
0.1^3646-06 

0.339486 
0.34004E 
Ö.34060E 
0,34JJL7i. 
0.34174E 
0.34232E 

01 
01 
01 
_0JL 
01 

0.705216 
0.681906 

-01 
-01 

0.100006 
O.UOOOE 

02 
02 

O.IOOOOE 01 
O.IOOOOE 01 

0.44C92E-01 
0,48501c-01 

0.658116 
0,633846 
0.609076 
0.583816 

-01 
-oi 

0.12000b 
0.130006 

02 
02 

O.IOOOOE 01 
O.IOOOOE 01 

0.52911E-01 
0.57320E-01 

0.131806-06 
0.140596-06 

-01 
-01 

0.140C06 
0.150006 

02 
02 

O.IOOOOE 01 
O.IOOOOE 01 

0.61729E-01 
0.66138E-01 

0.15OO7F-06 
0.160316-06 

0.342906 
0.34349b 

Oi 
01 

0.558056 
.0.531796 

-01 
-01 

0.16000E 
C.]7000E 

02 
02 
02 
02 

0.000006 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 

0.70548E-01 
0.74957E-01 
0.79366E-01 
0.83775E-01 

0.18000E 
0.190006 
0.200006 
0.210006 

02 
02 

0.000006 00 
0.000006 00 

0.88185E-C1 
0.92594E-01 

—   
0.220006 
0.23000E 

02 
02 

O.OOOOOE 00 
O.OOOOOE 00 

0.97003E-01 
0.101416 00   

0.240006 
0.250006 

02 
02 

O.OOOOOE 00 
O.OOOOOE 00 

0.105826 00 
0.11023E 00 

COOD. OF 6rFECTIVE TOOTH P ROFILE AT ROOT CIRCLE X 
0.31952 9E 01 

Y 
0.1539776 00 

Jl 
-0.19000E 02 

ÖJ1 A 
0.26!tiE-09 

QJIB 
0.153936-07 

OJIC: 
0.118886-08 

-Ö.18ÖÖÖE 
-0.17000E 

02 
02 

Ö.3AÜ.(UE-Ö9 
0.44130F-09 

Ö.1649ÖE-Ö7 
0.176066-07 
Ö.13 743P-07 
0.19901E-07 
0.21081E-07 
0.22283E-07 

Ö.14835E-08 
0.181586-08 
0.21878"e-08 
0.260066-08 
0.305626-08 
0.355596-08 

— 

-   

-0.160006 
-0.150006 

02 
02 0.6693'(i-09 

-0.140006 
-0.130006 

02 
02 

0.80844E-09 
0.968406-09 

-Ö.)2ÖÖÖE 
-o.uoooe 02 

Ö.11529E-Ö8 
0.136566-08 

ö.255oöe-ö7 
0.24757E-07 
Ö.26031E-Ö7 
0.27331E-07 

0.410136-08 
0.46943E-08 
0.5'3363E-08 
0.60290E-08 
Ö.67742E-0H 
0.757356-08 

  — 
-O.IOOOOE 
-0.900006 

02 
01 

0.16112E-08 
0.18942E-08 

-0.800006 
-0.700006 

01 
01 

0.22199E-08 
0.25939E-08 

0.28657E-Ö? 
0.30012E-07 

-0.600006 
-0.500006 

61 
01 

Ö.30j2St-08 
0.35124E-08 

0.31396^-07 
0.32810E-07 
0.342'57E-07 
0.35738E-07 
0.37254E-07 
0.388076-07 

0.842906-08 
0.93418E-08 
0.103146-07 
0.11347E-07 
^.12444E-C7 
0.13606E-07 

-   — 
-0.400006 
-0.300006 
-0.200006 
-O.IOOOOE 

01 
01 
01 
01 

0.40712E-08 
0.470706-08 
0.54289E-08 
0.62464E-08 

    

ö.oööööf 
0.100006 

66 
01 

Ö.7i7ööe-Ö8 
0.82135:-08 

Ö.40406^-07 
0.420356-07 

0.14834E-07 
0.16131E-07 
0.17498E-07 
0.189386-07 
0.20452E-07 
0.22042E-07 

  — 
0.200006 
0.300006 

01 
01 

0.938806-08 
0.107086-07 

0.43715E-07 
0.45443E-07 

0.40000E 
0.50000E 

01 
01 

0.12191E-07 
0.138536-07 

0.47222E-07 
0.490556-07 

0.60000E 
0.70000E 

01 
01 

0.157156-07 
0.177986-07 

0.509466-07 
0.529O1E-O7 
0.549256-07 

0.2371OE-07 
0.254596-07 
b.27290E-07 
  — 0.80000E 01 0.201276-07 
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'rvm^tpmifim*''*-***' 

0.90000E 01 0.22729E-07 O.57022E-O7 0.2920AE-07 
0.10000E 02 0.2563AE-0? 0.59200E-07 0.31205E-07 
O.DOGOF   02      0.28878E-07      0.61467E-07     0.3329AE-07 
0.12000E 02 0.32500E-0V      0.63B32E-07 0.3b474E-07 
0.13000E 02 0.36'^5E-07      0.66303b-07 0.37745E-07 
0.14000E 02 0.M066F-07      0.68893t-07 0.A0112E-07 
O.l^OOOF 02 0.4612^-07     0.71619E-07 0.42374E-07 

J2 AJ2 QJ2ABC XJ2 YJ2 
-O.25000E 02 -0.20268E   00 
-O,2A000F 0? -0.19't57E   00 
-O.2300nF 02 -0.186^   00 
-O.2200nh 02 -0.17836E   00 
-O.ÜOOOF 02 -0.17025E   00 
-0.20000E 02 -0.1621AE   00 
-0.19000F 02 -0.15403E   00 
-0.18000F 02 -0.1A593E   00 
-0.17000F 02 -0.13782E   00 
-0.16000(- 02 -0.12971E   00 
-0.15000F 0 2 -0.12161E   00 0.22884E-07 0. lTil2t 01 0. 113H9fc   00 
-O.KOOOF 0? -0.1i350E   00 0.24bb4E-07 O.17b70h 01 0.1130bfc   00 
-O.13000F 02 -0.10539e   00 0.26309E-07 0. 17609E 01 0.11216E   00 
-Ü.12000F 02 -0.9728flE-01 0.28156E-07 0.176bOE 01 0.11121fc   00 
-0.11000E 0 2 -0.89180E-01 0.30100E-07 0.17691E 01 0.11021t   00 
-0.10000F 02 -0.81073E-01 0.321A7E-07 0.17734E 01 0.10914E   00 
-0.90000E 01 -0.72966E-01 0.34306b-07 0.17777b 01 0.10801E   00 
-0.80000F 01 -0.6A858E-01 0.36tj84E-07 0.17821E 01 0.1068 IE   00 
-0.70000E 01 -0.567blE-01 0.38988E-07 0. 178671- 01 O.lObbbE   00 
-0.60000E 0 1 -0.48644E-01 0.4lb30E-07 0.17913E 01 0.10422E   00 
-0.50000E 01 -0.40336E-01 0.44218E-07 0.17960E 01 0.102H3E   00 
-0.40000F 01 

01 
-0.32429E-01 0.47065E-07 

Ö.50081E-07 
0. 18008E 01 0.10136F   00 

-0.5ÖÖÖOE -0.24322E-01 0. 180b8E 01 0.9982bE-01 
-0.20000F 01 -0.16214E-01 0.53281E-07 0. 18108E 01 0.98212E-01 
-0.10000F 01 -O.81073E-02 0.56680E-07 0. 18159E 01 0.96b23E-01 

O.OOOOOF 00 O.OOOOOE   00 0.60292E-07 0. 18210E 01 Ü.947b7e-01 
0. 10000E 01 O.81073E-02 0.6M37E-07 0. 1E263E 01 ü.92912e-01 
0.20000E 01 0. 162HE-01 0.68232E-07 0. 18317E 01 0.90987h-01 
0.30000F 01 0.24322E-01 0.72600E-C7 0.18372E 01 0.88980E-U1 
O.^OOOOE 01 

01 
0.32429E-01 0.77264E-07 0. 18427e 01 0.86890t-01 

0.50000F 0.A0536E-01 0.822IJ1E-07 0.184B3E 01 0.8471bt-Jl 
0.60000F 01 0. 'f864AF-01 0.87589E-07 0. 18541E 01 ü.824bHE-01 
0.70000F 01 0.56751E-01 0.93310E-07 0. 185991: 01 0.8010bfc-01 
0.60000F 01 0.6A85aE-01 0.99451E-07 0.186'37E 01 0.77666E-01 
0.90000E 01 0.72966E-01 0.1060bE-06 0.18717E 01 0.7bl36t-01 
0.10000E 02 0.81073E-01 0.11316t-0h 0.1877HE 01 0.72bl3t-01 
0.11000E 02 0.89180t-01 0.12082E-06 0.18H39E 01 0.69797E-01 
0.12000F 02 0.97288E-01 0.12910E-06 0.ie901E 01 0.66985E-01 
0.13000F 02 0.i0539E   00 0.13808t-06 0.18964E 0) Ü.64076E-01 
0.l^OUOE 02 

02 
0.11350E   00 0.14781E-06 0. 19028E 

0.19092E 
01 
01 

0.61069t-01 
0.15000E 0.12161E  00 0.15841t~06 0.b7962E-01 
0.16000F 02 0.12971E   00 0.16997E-06 0.19157E 01 0.b4754E-01 
0.17000F 02 0.13782E   00 0.18264E-06 0.19223t 01 0.bl443E-01 
0.18000E 02 

02 
0.14593E  00 0.196b6E-06 ^.19290E 

0.19357E 
01 
01 

0.48028E-01 
0.19000F 0.1540:.   00 0.2ll9bE-06 0.445086-01 
0.20000E 
0.21000E 

02 
02 

0.16214E  00 
Ö.17025E   00 

---■    - -       
O.22000E 02 0.17836E   00 
0.23000E 02 0.18646E   00 
0.24000E 02 0.19457E   00     
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i i'twiW)"..' ' > ■ 

GOOD.   UF   EFFECTIVE   TOOTH   PRÜFILb   AT   ROOT   URCLb X Y 
0,1684556   01   0.14489ÖE   00 

J2 
-0.I50OOE 02 
-O.UOOOE 02' 
-O.IBOOOE 02 
-0.12000E 02 
-0.11000E 02 

ÖJ2A 

0^488991-09 
"0.60297E-Ö9 
0.73199E-09 
0.87e57F-09 
0.104b6E-08 

QJ2B 
Ü. 1969 lb-0 7 
d.2087?E-07 
0.22^84E_-0 7 
0.23327E-Ö7 
0.24602E-07 

«J2C 
0.27042E-ÜÖ 
0.30789E-0Ö 
Ol34931E-08 
0.39A9 7E-08 
0.44516E-08 

-C.10000E   02 
-0.90000E   01 
-0.80000E 01 
-o.joogoj oi 
-Ö.60000F öi 
-0.50000E 01 

0.12363E-08 
CK14544E-08 
0.17041E-08 
0.19902E-0B 
0.23178E-Ö8 
0.26931E-Ü8 

0.25909E-07 
0.27248E-0 7 
ö;28620E-Ö7 
O.JO^026E-O7 
Ö.314656-07 
0.32939E-07 

0.50017E-08 
0.56031E-08 
CI.62590E-08 
0.69725E-0e 
0.7747ÖE-08 
0.85858b-08 

-0.40000F 01 
-0.20000f 01 
-O.2OÖ0OE 01 
zPsiopgoj oi 
Ö.0000ÖEÖÖ 
0.100006 01 

O.31227E-08 
0.3614JE-08 
0,417576-08 
0.48168E-08 
Ö.5548ÖE-Ö8 
0.63810E-08 

0.200006 01 
0.300006 01 
0.400006 01 
0.500006 01 
0.600006 01 
0.700006 01 

0.73289E-08' 
0.84062E-08 
0.96297E-08 
.0 • 11017E-07 
0.12590E-J7 

0.14371E-07 

0.34^49E-07 
0.3S996E-07 
0.37582E-Ö7 
0.39207E-07 
0.40e/3b-07 
0.42583E-07 

0.94925E-08 
0.104706-07 
0.11524F-07 
0.12656b-07 
0.13871E-07 
0.15172E-0? 

0.800006 01 
0.900006 01 
0.100006 02 
0.110006 02 

0.130006 02 
Ö.UÖÖÖE   0^ 
0.15000E 02 

"ir.TST50?5T" ÖT 
0.170006 02 

"TT.IflöööE  U2 
0.190006   02 

0.16387E-07 
^.186686-07 
04 212476-07 
0.24164E-07 

0.31194E-07 

0.44339E-07 
0.461436-07 
0.479986-07 
0.499096-07 
0,518786-07 
0.539116-07 

0.16564E-07 
0.18050E-07 
0."l9636fc-07 
0.21324E-07 
Ö.23r20E-07 
O.25O27E-07 

0.35419E-07 
0.402066-07 
0.456436-07 
0.518256-07 
(T.TBBrrE'-O? 
0.66942E-Ü7 

0.56013E-0? 
0.58190E-07 
0.60450E-0Y 
0.62 802^-07 
0".6?255E-Ö7 
0.678226-07 
0.70518E-07 
0.73360E-07 
ö;T63Tll-Ü7 
0.795786-07 
0.8 3er5?-ÖT 
0.867266-07 

0.27050E-07 
0.29193E-07 
0.31461E-07 
0.33860E-C7 
Ö.36392E-07 
0.39063E-07 
0.41R78E-07 
0.44842E-07 
0.4 79606-07 
0.51236E-07 
0754675E-Ö7 
0.58284E-Ü7 

INPUT   LISTING 
n 

0.000006   00 
Ö.ÖOÖÖÖE TJO" 
0.000006   00 

OF   PROFILE   fc 
Ül 

O.OOOOOE   00 

O.OOOOOE   00 
O.ÖOOÖÖP 00 
0,000006   00 
0.000006 ob7 
0.300006-04 
0.600006-04 
0.900006-04 
Ö.) 56^-03 
0.150006-03 

o.ooöööE m 
0.00000£ 00 
O.OOOOOE Tö 
O.OOOOOE^ 00 
O.OOOOOE ÖÖ 
O.OOOOOE 00 

RRÜR AND SüPPLEM 
22 

O.OOOOOE 00  0. 
TJ;OöOOöE oo " öv 
O.OOOOOE   00     0. 

ENTARY   COMPLIANCE 
U2 

OÜOOOE   00 
ÖÖÖÖÖl   00 
OOOOOE   00 

O.OOOOOE  00 
O.OOOOOE   00^ 
O.OOOOOE  00 
iKoqooojL oo 
O.OOOOOE  ÖO 
O.OOOOOE   00 

Ö.ÖÖOÖÖE ÖÖ 
O.OOOOOE 00 
O.OOOOOE'ÖÖ 
O.OOOOOE 00 
'0.OOOOOE 00 
O.OOOOOE 00 

137 
0. 
0. 
0. 

ÖÖÖÖÖE ÖÖ" 
oooqoj oo 
0UÖ00E   00 
OOOOOE   00 

0. 
0. 

OOOOOE 00 
OOOOOE 00 

O.OOOOOE 00 
0.000006 00 

0.180006-03 
*.220006-03 

.240006-03 
0.300006-03 
Ö.SÖÖÖÖf-63 
0.260006-03 

"5727 

"O.OOOOOE  00 
O.OOOOOE   00 

O.OOOOOE   00 

O.OOOOOE   ÖO 
O.OOOOOE   00 

0. 
p« 
0. 
0. 
0. 
0. 

OOOOOE 00 
OOOOOE 00 
OOOOOE 00 
OOOOßE 00 
OOOOOE OÖ" 
OOOOOE   00 

0006-03     O.OOOOOE  OÖ 

0.000006   00 
o.oooqoe oo 
Ö.Ö0Ö0Ö6   ÖG 

0. 

0. 

OOOOOE 00 
000006 00 
OÖÖÖOE   OÖ 
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0.18000E-03 
0.15OOÖE-O3 
0.12OOOE-O3 

O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE   00 

O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE   00 

0.60000E-04 
0.30000E-Ö^ 
O.OOOOOE 00 
0.50000E-0A 
0.10000E-03 
0.15000C-03 
0.20000E-03 
0.2"5000E-03 
0.25OOOE-O3 
0.23Ö00E-03 
0.21OOOE-O3 

Ö.ÖÖÖÖÖE flö' 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 

ö.öööööE öö 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOQOE 00 
0.ÖÖÖOÖE 00 
O.OOOOOE 00 

O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE   00 

00 
00 

O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
OtOOQoot  gg 
O.OOOOOE 00 
O.OOOOOE   00 

O.OOOOOE 
O.OOOOOE 
O.OOOOOE" 00 
O.OOOOOE   00 
O.OOOOOE 
O.OOOOOE 

00 
00 

O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 

0.18000E-03 
0.15OO0E-03 
Ö.i2ÖOOF-03 
0.90O00E-0A 
0.60ÖOOE-OA 
O.SCOOOE-OA 

O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 

O.OOOOOE 
O.OOOOOE 
O.OOOOOE 
O.OOOOOE 
O.OOOOOE 
O.OOOOOE 

00 
00 
00 
00 
GO 
00 

O.OÖÖÖÖE 00 
O.OOOOOE 00 
O.OÖÖÖÖF 00 
O.OOOOOE 00 
ö.ööööö? ÖÖ 
O.OOOOOE CO 

O.OOOOOE 00 
O.OOOOOE 
O.OOOOOE 
o.oooooe öö 
O.OOOOOE 00 

00 
00 

Ö.ÖÖÖÖÖE 
O.OOOOOE 
O.OOOOOE 
O.OOOOOE 
O.ÖÖÖÖÖE 
O.OOOOOE 

w 
00 
00 
00 
00 
00 

O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 

Ö.ÖÖÖÖÖE öö 
O.OOOOOE 00 
OVOOOOOE 00 
O.OOOOOE 00 
"O.OOOOOE 00 

Ö.öööööE öö 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE' bo 

T.öööööE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O'.ÖOOOOE O'O 

Ö.ÖÖÖÖÖE öö 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O.OOOOOE 00 
O^.OOOOOE oo 
O.OOOOOE 00 

INPUT   DATA   ON   TANGENTIAL   LOAD   AND   TUCITH   SPACING   ERRUR 
WT" VPT1 ' VPT2 

0.25000E   ()<*     O.OOOOOE   00     O.OOOOOt'OO 

CALCULATED   NORWAL      WN=   0.2fe9633E   OA 

CALCULATED TOTAL CONTACT COMPLIANCE   OJU= 0.8A6269E 

CALCULATED TOOTH MESHING ERRORS AND LOADS 

JC1         AJC1      TANG. ERROR      WTC 

-07 

WTÜ 

  

— 

0.10000E 01 
0.20000E 01 
0.30000E 01 
O.OOOOOE 01 

0.44092E-02 
0.88185E-02 
0.13227E-01 
0.17637E-01 

-0.5500AE-03 
-0.A9851E-03 
-0.4A833E-03 
-0.39Q52E-03 

0.250OOE 
0.25000E 
0.25000E 
0.25000E 

04 
04 
04 
04 
04 

O.OOOOOE 
O.OOOOOE 
O.OOOOOE 
O.OOOOOE 
o.ooaooe' 
0.b!V,06E 

00 
00 
00 
00 

Ö.5ÖÖÖÖE 01 
0.60000E 01 

0.220A6E-01 
0.26H55E-01 

-0.35210E-03 
-0.2129AE-03 

0.25000E 
0.19159E 

00 
03 

Ö.7ÖÖÖÖE öl 
o.eoooOE oi 

0.3086AE-01 
0.3527AE-01 

-0.21186E-03 
-0.20985E-03 
-0.21280E-03 
-0.21A'.9E-03 
-0.21491E-03 
-0.21A07E-03 

0.17990E 
0.16779E 
0.1535 IE 
0.13893E 
b. 12M8E 
0.10935E 

04 
04 
04 
04 
04 
04 

0.70096E 
0.82204E 

03 
03 

0.90000E 01 
0.10000E 02 

0.39683E-01 
0.^092E-01 

0.96489E 
0.11106E 
0.12581E 
0.14064E 

03 
04 
04 
04 

0.11000E 02 
0.12000E 02 

0.48501E-01 
0.52911E-01 

".13000E 02 
0.140Ü0E 02 

0.57320E-01 
0.61729E-01 

-0.206't7E-03 
-0.1973AE-03 

0.92686E 
0.76166E 

03 
03 

0.15731E 
0.17383E 

04 
04 

0.15000E 02 0.66138E-0j -0.18668E-03 0.59920E 03 0.19007E 04 
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0.160008 02 0.TO548E-01 -0.333^76-03 0.00000E 00 0.2bOOOE 04 
0". 17ÖÖ0E 02 Ö". ^9!>7E-or -0.36A3'9E-03 O.ÖOOOOE ÖÖ 0.2b000E 04 
0.18000F   02     0.79366E-01   -0.39702E-0:J     O.OOOOOE   00     0.25000E   04 
Ö.19ÖÖÖF Ü2—Ö.85775E-Ö1   -Ö.45128E-Ö5—Ö.OÖOÖoE  ÖÖ Ö.25Ö00E ÖV 
0.^0000E 02   J).88^185E-01   -0.45631E-03     O.OOOOOE   00 0.2bOOOE Ct 

"0.21ÖÖÖE 02     0.92594E-0r-0.48283E-03"   O.OOOOOE   00 0.25OOOE 04 
0.22000E 02     0.97003E-01   -0.51078E-03     O.OOOOOE   00 0.25000E 04 
0.23000E   02     0.10141E   00   -0.54013E-03     O.OOOOOE   00 0.25000E 04 
0.24000E   02     0.10582E   00   -0.57085E-03     O.OOOOOE   00 0.25000E 04 
O.2500OE   02     0.11023E   00   -0.60292E-03     O.OOOOOE   00 0.25000E 04 

CALCULATED   FOURIER   CQ'EFFTCTENTS   FOR   ERRURS 

I A(I) B( I ) 
0 -0.7215917E-03  O.OOOOOOOF 00 
1    -0.1558903E-03 0.1099209t-03 
2 -0^22926716-04 _     0.1315865E-04 
3           -0.2'7C9452E-Ö4 -0. 1221881E-04 

_4              O«130841_7E-O4 0 . 10 1 341 8E-04 
5 Ö.1045603E-05 0.1450376E-05 
6 -0.2?70080E-05 0.1785091£-04 
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DATA REDUCTION 

Profile Input Data From Profile Measurement Trace 

For the particular profile measurement equipment, determine 

1. the end of the trace corresponding to the tip of  the tooth 

2. the direction of trace deviation from the longitudinal line 
corresponding to excess material  (with respect to a true Involute), 
or the direction of positive profile deviation 

3. the longitudinal scale of roll angle 

4. the transverse scale of profile deviation 

From the gear design data,  determine 

5. ehe angle corresponding to each of  the calculation points 

a      -    360° J 
NNJ 

where.     J    ■    identification number of calculation point 
N    ■    number of teeth 
N    ■    number of calculation points 

6.  the angle of recess  for an external  gear  (taken as  the driving gear) 

1^2       '      tan    *P 'R    -Vv"1- 
where: *0  ■ outside radius 

■ base circle ra 

• pressure angle 

RD ■ base circle radius 
D 

TP 

or the angle of recess for an internal gear taken as the driving 
gear (which is the same as its angle of approach when taken as the 
driven gear). 

aR - - |tan 

where:  RT ■ inside radius 

On the profile measurement trace (see Figures 31 and 32), locate the pitch 
point in the following manner: 

215 

■-'■..■ 



7. measure back from the tip a distance corresponding to the recess 
angle 

8. locate the true Involute reference line by drawing a longitudinal 
line through the pitch point 

9. measure off from the pitch point distances corresponding to the 
angles for each ol the calculation points, with positive calculation 
polnis between pitch point and tip on external gears and with 
negative points on Internal gears 

10. at the calculation point distances, measure off the deviations from 
the longitudinal, true Involute line. 

Sample calculations: 

The data from one of the traces In Figure 31 are plotted as the measured 
profile, case 103, In Figure 28. 

The data from one of the traces In Figure 32 ..-e plottsd as the measured 
profile, case 303, In Figure 29. 

Mean Gear Mesh Compliance From Computed Results 

Approximate method 

1. Submit the computer case of the gear designs with true Involute 
profiles, any supplementary compliances which apply, and a suitable 
load. 

2. Calculate the approximate mean mesh compliance 

W0    2WT 

where: A. - computed constant Fourier coefficient 

W  - tangential load 

Sample calculation, for the case of the upper sun driving the planet at 85% 
of rated load 

^ -    1.03 x 10~3 in. 

WT 

% 

-    2500 lb 
A0        1.03 x 10~3 

2WT          2 x 2500 

% -    .206 x 10"6 in./ll 
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Accurate method 

1. Submit two computer cases, both with the sanw set of gear designs 
and with the same applicable profile and supplementary compliance 
data, but with two loads. 

2. Calculate  the mean mesh compliance 

A01 - A02 
Q0    "     2   (WT1-WT2) 

where the added subscripts refer to the data from the two cases 
submitted. 

Sample calculation, for the case of the sun driving the planet with design 
profile 

At 105X rated load, WT1  -  3085 lb 

and  A01  - 1.303 x lO-3 

At  65X rated load, WT2  -  1910 lb 

and  A02  -  .836 x lO-3 

AQ1 - A02      (1.303-.836)10"3    .467 x 10"3 

" 2 (WT2"WT1)  *   2(3085-1910)        2(1175) 

Q0 -  .199 x 10~6 in./lb 
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APPENDIX V 

GEAR TOOTH FORCE ANALYSIS 

INTRODUCTION 

Any geared system transmitting power Is subject to torslonal vibration 
because it contains the necessary elements of rotational inertia, 
torslonal elasticity, and source of excitation.  The inertia may be present 
in concentrated form, as in the body of a gear, or it may be distributed as 
in the sections of connecting shafting.  Similarly, the elasticity or 
compliance may be concentrated as in a coupling or in the flexing gear 
teeth, or it may be distributed with the inertia in the shaft sections.  As 
in any other torsionally vibrating system, the excitation may come from 
externally applied pulsating torques, as from a driving motor or turbine, 
or from some fluctuating resistance to the steady rotation. However, in 
geared systems there is also a displacement form of excitation which comes 
fron the imperfect transfer of motion in the meshing gears. This excitation 
makes the mating teeth at any point of excitation subject to dynamic changes 
In relative motion.  This changing of relative motion can be achieved only 
if there is generated in turn a dynamic force acting between the teeth to 
Impose the necessary accelerations. This dynamic force, generated in 
response to the gear displacement excitation, can subject the gear teeth 
to greater loads than required for the steady transmission of power.  In 
addition, it can become a factor in the generation of noise in the trans- 
mission system. 

The purpose of this analysis is to evaluate these gear tootii forces.  The 
data required by the analysis to describe the torsionally vibrating system 
can be in the form of physical dimensions taken directly from design 
drawings. At the same time, where necessary or where available, the 
analysis will also accept system data in the form of concentrated inertia 
or concentrated compliances 

Several features make the analysis sufficiently versatile to deal with a 
wide range of gear system designs. First, the analysis has provision for 
branches in the vibrating system. Second, it not only treats multiple cases 
of the simple gear set involving only one gear driving a second, but it can 
also treat multiple cases of one type of planetary gear set (the sun gear 
driving, the ring gear restrained, and the planet carrier transmittir.^ the 
vibration to the balance of the system). Third, it includes the effects of 
externally applied damping such as might be developed at the bearings.  The 
analysis presents the resulting dynamic ge.... tooth forces in a form giving 
their phaie relationships as well as their magnitudes. 

LIMITATIONS AND ASSUMPTIONS 

The limitations in the gear systems treated and the major assumptions on 
which the analysis is based are listed below: 

1. Excitation is introduced into the system only at the gear meshing 
points and only in the form of sinusoidal displacements.  These 
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displacements constitute differences In pltca line motloii of the 
mating teeth from the two gears and are Introduced In series with 
any elastic compliances  of  the teeth themselvts. 

2. The system is considered linear;  that  is,  all  compliances and 
damping coefficients are assumed to be  constant.     The varying gear 
tootli stiffness actually in effect  is  represented as  a constant 
mean stiffness, while the effect of the variability L-nder a steady 
load is assumed to have been incorporated in  the calculation of the 
displacement excitation.     The  linear system also  requires  that  the 
dynamic tooth forces be smaller than the static forces,  so that no 
separation takes place at  a gear mesh. 

3. The members of the  system are assumed to be compliant  only in the 
torsional mode,  with  full rigidity in the late.al mode.     This means 
that the kind of interaction between torsional and laceral modes 
often found in gear systems  is not considered  in this analysis. 

4. The only gearing stages  treated are 

a. the simple gear set with one gear driving a second. 

b. the planetary gear set with  the sun gear driving,   the ring gear 
elastically restrained,   and  the planet  carrier as  the driven 
membsr. 

5. The system may have simple branches but no loops   (that  is, branches 
tied  to the system at  two or more points). 

6. The overall system is one which has no rigid,   torsional  restraints 
at  its ends or at any other point; neither does  it  have any 
externally applied dynamic  forces o^her than those applied at a 
damping or elastic constraint and due to its own dynamic angular 
motion.     (The rigid  restraints,   however,   can be simulated by 
introducing very large concentrated inertias at  the points in 
question.) 

7. Damping can be applied only  between points  in  the  system and ground, 
and not between points within the system.     There  is no  provision 
for damping within a planetary set or at  the gear mesh  in any gear 
set. 

8. In the planetary gear set 

a. all planets are equally spaced. 

b. all excitations  from planet  to planet are the  same  In magnitude 
but differ in phase  relation,  according  to  the planet  spacing 
and to the relation between excitation frequency and  rotational 
speeds. 
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c.     all  radial  forces on the  sun or ring are  fully balanced,   the  sur. 
and ring arc rigidly supported  in  the radial direction,  or any 
other set of conditions exists which eliminates  lateral modes of 
vibration. • 

DESCRIPTION OF ANALYSIS 

This analysis  is based on a variation of  the Hölzer analysis commonly used 
for  torsional,  critical speed studies.     The  steps followed in performing the • 
basic analysis are as follows: 

1. For each of  the portions of  the  system separated in the   input data 
by station numbers,  the  properties of  its cylindrical section are 
calculated.     This calculation makes  use  of the outside and inside 
diameters of  the section and  the  shear modulus and density 
properties of the material.    Where necessary, different outside 
diameters  for the section properties related to  inertia and  stiff- 
ness calculations are considered. 

2. A unit angular motion at  the  specified  frequency is  tentatively 
assumed at one end of the  system with no  independent,   externally 
applied  torque at this  point.    Any concentrated Inertia at  this end 
station is viewed as subject to  this motion,  indicating a  torque 
applied by  the connecting system.     This  torque  is calculated,  and 
with it is  combined the effect of any external  torque due  to an 
elastic or damping restraint applied by ground at the same  station. 
The motion amplitude and the  torque lequirement are  treated as one 
set of end conditions of  the  portion of  the system between this 
first section and the next section.     Using a relationship which 
copsiders  that the  inertia, where  present,  is  uniformly distributed 
with compliance along the  length of  the  system segment,   the analysis 
calculates  torque at the  far end of  the  system segment.    At  the 
second station,  the same  treatment of concentrated  inertia or applied 
constraints,   as described previously,   is employed with special 
provision for  tying in the branches,  as described  later.     This 
process  is continued from station  to station until  the end of  the 
system is  reached,  generating for each station a  torque value  Just 
entering the  station, an angular motion at the station,  and a torque 
value  Just  leaving the station.     This calculation leaves a residual 
torque aftei   the  last station,  which may be recognized as  a  tenta- 
tive contradiction to the actual boundary condition at  this  point. • 

When a  station with a branch  is encountered,  there  is  an additional 
element in the calculation.    A unit angular motion is tentatively 
assumed for  the free end of the branch,  and the same kind of station- 
to-station calculation is made  until  the branching station Is 
reached.    The angular motion at this station, as found thus far in 
the main system calculation,  is  then compared to the motion found in 
the branch calculation.     The  ratio of  these is then applied  to each 
value  ^f motion and torque  in the branch,   in this way matching  the 
branch  to the main system.    The  torque  leaving the branched station 
can then be  calculated from the  torques applied by both  the main and 
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branch systems,  and the calculations for the main system can be 
carried forward. 

At the stations containing simple gear sets,  the same procedure  is 
followed,  but    the motion ratio and the direction reversal assoc- 
iated with the gears  are  introduced.     (This  Introduction of the gear 
ratio eliminates  the reed to change the Inertias,  compliances,  or 
damping coefficients  to effective va.l-.'is at a reference shaft speed, 
as is commonly required  in other calc     ition procedures.)    In this 
traverse of  the system,   there is no  introduction of excitation at 
the gear sets. 

At any station representing a planetary gear set,   the calculation is 
made using the special relationships between motion and torque going 
into the planetary  system and motion and torque leaving it.    This 
special relationship assumes that the motions of  the individual 
planets  inside the  system are rotationally  in phase;  that is,  they 
all  act  in parallel  and  together in response to  the Incoming motions 
and torques.    As  in the simple gear sets,  no excitation is  Introduced 
at the planetary set  in this calculation step. 

3. The above procedure  is  repeated ulth the change  that  zero angular 
motion is tentatively assumed for the  first  station.    This leads  to 
zero motion and torque in the system until a station with excitation 
is reached.    At  this  station, which will be  for one of  the gear sets, 
the specified excitation at the same specified  frequency introduces 
a "step" in the motion transmitted.    This new motion and any torque 
requirements  it generates at the station whare it  first has effect, 
now become the motion and torque inputs  to  the successive segments 
of the system.     The  continuation of the station-by-station calcu- 
lation,  as before,  generates at each station values of torque enter- 
ing the station,  motion at the station,  and  torque leaving the 
station.    Also,  as  before,  the calculation results  in a residual 
torque after the  last  station.    This  residual  torque is compared  to 
that computed in the previous step.    After one complete set of motion 
and torque data is multiplied by the appropriate  ratio ^f  these 
residual torques,  the values are subtracted  from their counterparts 
in the other set.     The  torque after the last station which results 
from this operation is now zero,  indicating  that  the original 
boundary condition has  been met.    All of  the remaining motions  and 
torques therefore  represent the response of  the system to the 
particular excitation Introduced. 

4. The dynamic  torque  transmitted through the  first  gear of each simpis 
set of gears  is  calculated from information now available.    This 
information consists of  the torque going into the gear station,  on 
both sides  if a branch  is connected at  this  point,  of whatever  torque 
is required to  supply  the computed motion to the  concentrated inertia, 
and of the torque applied by whatever constraints are present.     The 
dynamic  force acting on the gears  tangent  to  the pitch circle  is 
found by dividing  the  gear  torque by  iti-  pitch  radius. 
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In  the case of the planetary set of gears,  the Individual  internal 
torques,   forces,  and motions are calculated from the  final  set of 
torque and moti  n results now available for both ends of  the 
station. 

5.  The  three preceding steps are applied simultaneously  to both of the 
two  components of the excitation.     The components referred  to here 
are  the  cosine and sine  terms,  also known as  the  real  and  imaginary 
terms,  which together define not only the amplitude of  the  exci- 
tation but also its phase relationship with respect  to  some  refer- 
ence.     In order to  treat  the  two  components simultaneously,  all 
calculations are performed with complex numbers. 

Tue excitation conditions in the planetary station require special  treat- 
ment.     There are  two excitations at  each planet, one at  the sun and one at 
the ring,   and the  two may be independent of  each other.     Ih3 excitaticnw 
from planet  to planet, however,  are assumed  to be uniforni  In amplifud« and 
uniformly  spaced  in phase relationship,  as  stated previously.     This  uaifwrm 
phasing may be zero, wuich is  to say  that  all the excitations  on eitner the 
sun or the  ring are exactly in phase rotationally.     In this  case,   the 
excitations  act  together in generating the  response within the planetary 
stage and  elsewhere in the system.     This  is  the situation treated  in the 
main co.iputer program which embodies  the above-described Hölzer  type of 
analysis. 

The zero phasing condition will occur when  the ratio of  excitation  frequency 
to the rotational  frequency of  the  carrier  is an exact multiple of  the 
number of  planets.     When this relationship  does not hold,   the excitations 
are separated in phase, and each segment ol:  the planetary system with its 
own planet must be treated as acting separately.    Furthermore,  under  these 
conditions of complete excitation balancing,  the combined effects of  the 
excitations  are  to  generate zero net  torques and motions  in  the  input or 
output members of  the planetary system.     The planetary system is  therefore 
acting independent of the gear system external to it,  and  the data of  the 
external system play no role in the  response developed within the planetary 
system.     Therefore,   in order to  calculate  this responsa,  a separate analysis 
io used in an auxiliary program.    This separate analysis does not  require 
the Hölzer  type of analysis but merely uses  the solution of  the dynamic 
equations  to give  the pitch line tooth forces at each mesh.       In this 
auxiliary analysis,  as in the main one,  excitations at the sun and ring are 
treated simultaneously.    Furthermore,   for each of these,   the  two components 
of excitation,  cosine and sine   (or real and  imaginary),  aie  treated 
individually to give separate components  in the results. 
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DERIVATION OF ANALYTICAL RELATIONSHIPS 

The relationships used in the analysis are , resented in two groups: those 
that form part of the general Hölzer analysis, and those that are specific 
to the planetary gear stage. Each group is accompanied by its own list o* 
symbols. 

Hölzer Analysis 

The  symbols  to be  used  in this portion of  the  analysis and shown in Figures 
73 and 74 are given below.     The equations  derived are valid for any set of 
consistent units. 

C concentrated torsional damping coefficient acting between 
stations n and ground 

'nfl 

mn 

qn 

f 

G 

g 

n 

nfl 
t 

n 

concentrated torsional Humping coefficient acting between 
station n+1 and ground 

outside  diameter of cylindrical distributed mass after 
station n,   to be used  for  inertia calculations 

outside  diameter of cylindrical  distributed mass after 
station n,   to be used for compliance calculations 

Inside diameter of distributed mass after station n 

cycle   frequency of excitation 

shear modulus of elasticity 

gravitational constant 

concentrated moment of inertia at station n 

concentrated moment of inertia at  station iri-1 

calculated total mass moment of  Inertia of distributed 
mass between stations  n and n+1 

mathematical operator which  produces a 90    phase  rotation 

polar moment of inertia of  the cross-sectional area of 
the distributed mass after  station n 

length of distributed mass after  station n 

general  station number 
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Q concentrated  torslonal compliance* of elastic restraint 
acting between station n and ground 

Q  ,, concentrated torslonal compliance of elastic restraint 
acting between station n+1 and ground 

0 ' concentrated  total torslonal compliance of distributed 
mass between stations n and n+1 

Q " concentrated  torslonal compliance  between stations n and 
n+1, when there  Is no distributed mass 

T torque acting at station n on the side  toward the 
previous  station 

T    . torque acting at the end of the distributed mass after 
the station;   also,  the torque acting at  station u-i on 
the side toward station n 

T   ' torque acting at station n on the  side   toward the next 
station;   also,  the torque acting at  the  start of the 
distributed mass after station n 

T    . ' torque acting at station n+1 on the side  toward the next 
station. 

T   ' torque acting at  the  x locaiiioii along the distributed 
mass 

x variable distance along the distributed mass, measured 
from station n 

Y weight density 

6 angular saotlon at station n n 

6 angular motion at x location after station n 

6 ...                      angular motion at station n+1 

p mass density 

u angular frequency of excitation  ("2Trf) 

There are two subscripts which may be Joined  to the subscripts used in the 
major  symbols listed above.     These  Identify the phase  component of  the 
variable. 

1 imaginary or right angle phase component 

P.                             real or ln-phase component 

^Compliance is defined as  the  reciprocal of stiffness 
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The objective of this portion of the analysis is to derive the relation- 
ships of angular motion and torque between successive stations and at each 
station in the torsional system (see Figures 73 and 74). Two sets of 
relationships are required: one set to cover the transferred motion and 
torque between stations and the other set to cover the torque changes, from 
that going into to that leaving each station.  The first set is derived for 
the general case where there is distributed mass and compliance in the form 
of a cylindrical bar between stations, starting from the dimensions of this 
bar.  The case of a concentrated compliance in place of the distributed mass 
is also treated.  The second set considers the effect of concentrated 
inertia and elastic and damping constants at each station. 

Some of the properties of the cylindrical distributed mass between station 
n and station n+1 will be used in the later derivations.  There are: 

the section folar moment of inertia 

J  - -TX (D4  - d A) (152) 
n    32  qn   n 

:he  total  torsional  compliance 

rhe mass  densi^ 

V L 
GJ 

n 

Y 
p = K 

(153) 

(154) 

the  total  moment  of  inertia 

Vn      '      h   (Dl    "    dnA)   PLn (155> n 32       mn n n 

If a bcr of uniform cross section, Figure 73, is subjected to R  sinusoidal 
torsional vibration of frequency OJ, the sinusoidal motion and torque at a 
section x distance from one end may be expressed in terms of the motion 
and torque acting at that end and in terms of the properties of the bai, as 
follows: 

in(ojVl 'Q ' • x/L) 
6 cosCuTVl 'Q '  • x/L) + T '  7== O^) n      n n n V^ ' /Q ' n n 

6 ^Vl' /Q ' sln'^Vl' Q ' • x/L) 
n    n n n n 

-t-T ' cos(uVl 'Q   • x/L)   (157) 
n n 
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Figurt 73.  General Case of Distributed Mass Between Stations 
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Figure  74.     General  Portion of the Torslonal   System. 
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The values    of motion and torque at  the far end of the bar,  or in this case, 
the  cylindrical  distributed mass,  may be  found by replacing x by L.     FRa- 
tions   (156)  and   (157)  then become 

e 
n+l cos(coVl   'Q   ')  + T  ' n    n 

V 
uiVl  '0 ' n    n 

sin(uVl   'Q  ') (158) 
n    n 

n+l 

.V I'   Q   ' 
ii n 

Qn' 
ln(wVi' sln( 

n n 

+ T   '   cos(wVl   'Q  ') n    n (159) 

These expressions relate the motion ar.d torque at or going into station n+l 
to  the motion and  torque at or  leaving station n. 

The variables of motion and torque may also be expressed  in complex  Lorm, 
where  the  sets  of  rectangular components  preserve phase  relationship as well 
as magnitude.     Each variable  is  replaced  by Its real   (or  in-phase)   component 
and  ifs   imaginary   (or right angle  phase)   component.     When the  right  ..ngle 
operator J   is used,   the replacements nay be expressed as 

T' 

n+l 

^ „ + je - nR      J  ni 

T,nR + V'nl 

'(n+DR + je(n+l)I 

(160) 

(161) 

(162) 

i+l T(n+1)R + ^(n+Dl (163) 

After  substituting these replacements  in Equations  (157)   and   (158),   the real 
and  imaginary terms are segregated.     The  equations for the real components 
are 

./—       r  QJ 
e_n  COS(üJ / I   'Q   ')   + T _' n 

(n+l)R nR n    n 

WV7 'Q • n    n 

V 

L n ^n J 

sin(a)Vr^Q~T)(164) 
n    n 

n    n (n+l)R nR 

The equations for  the imaginary  components are 

sin(uA I   'Q   ')  + T'   _   cos(.JjVl   'Q   ')   (165) 
n    n 

(n+l)I 
e _ cosi 
ni 

  r  Q '   i         
Ml   'Q^')  +T     ' ,  " sln(a)Vl   'Q   ')   (166) 

nI      U^I  '0  ' n    n UVl   'Q L        n    n 
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T(n+l)I    "    ^nl^    I^(iR
j   sin^;in,Qn,)+TnI,cos^VVV>     ^7) 

In the  case where  -here  is no distributed mass between stations but only a 
concentrated compli^rre Q ",  the applicable equations  are  found  from 

Equations   (164),   (165),   (166),  and   (167)  by making I   '  = 0,  and by replacing 
Q  '  by Qn"'     !" simplifying,  note  that n 

Lim -^S-5-   -    1 (168) 

The equations for the real components become 

Vl)R - 9nR + T,aRQn" (169) 

T
(n+1)R ' T,nR (170) 

For the imaginary components, they become 

6, .1ST  -  9 T + T' TQ " (171) 
(n+l)I     nl    nl^n 

T(n+l)I  ' T nl (172) 

At station n, the relationship between the torques entering and those leav- 
ing the station is found from Figure 7'* as 

T'     =■     T    +09     +Ju)Ce     + J
2

UJ
2
I   e (1/3) 

n n        n n n n n n 

This may be simplified  to 

T   '     -     9   (0   -u2I    + JOJC  )  + T :i74) 
n n    n n n n 

The variables may now be introduced in their complex form, using Equations 
(49) and (50), and also 

T  =  T D + JT I (175) 
n     nR    n 

The complete equation becomes 

T'       + IT'   T    =     (B  D + je   T)(Q    - u,2!    + jcuC  )  +   CT D +  jl   I) (176) nR      J     nl nR nl      n n      -'     n nR       '   n 

i 
        - J. V.XOO/ 
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This  simplifies  to 

T,nR + ^'nl    "    V^n  " ^ + >\l"Cn + JnR 

+Jenl(Qn-w2ln)+JenRwCn+JTnI       (177) 

After separating the real and iraaginery terms into separate equations, 

T' o "  9 D^Q " ^ ) " 9 TwC + T _ (176) nR     nR n     n    nl n   nR 

-n I 
T -  0 T(Q - u; I ) + 0 _wC + T T ,.,.. 

rl     nl n     n    nR n   nl (1/9) 

Dynamic Analysis of the Planetary Gear Stage 

The assumptions made in this analysis are 

1. The system is infinitely rigid in the radial direction, and all 
motions are torsionj 1 or tangential in direction. This assumption 
eliminates from consideration any lateral mode of vibration which 
would interact with the torsional mode. 

2. All compliances are constant, including those at the gear teeth. 

3. There is no damping in the system. 

4. All the planets are uniformly spaced around the sun gear. 

5. The excitations at the sun-planet mesh are identical in amplitude 
at all planets and have uniformly spaced phase relationships.  The 
same is true of the excitations at the planet-ring me.« i. 

The nomenclature used in this portion of the analysis and shown in Figure 
75 is given below.  The equations derived are valid for any set of 
consistent units. 

F      force transmitted between the carrier and the i  planet, Ci 
tangent to the planet orbit 

F      tangential force transmitted between the ring gear and the 
iL" planet gear 

F„     tangential force transmitted be .ween the sun gear and the i 
planet gear 

i      mass moment of inertia of each planet about its own center 
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R 

h 

XG 

^R 

h 
R« 

R 

-Rl 

Si 

Bl 

'PI 

'R 

mass moment of Inertia cf the ring gear 

mass moment of Inertia of the sun gear 

mass of each planet gear 

number of uniformly spaced and identical planets 

linear compliance between the planet and the carrier, effect- 
ive value tangent to the olanet orbit 

angular compliance between the ring gear and the ground 

linear compliance between the planet and the ring gears, 
effective value tangent to the pitch circles 

linear compliance between the sun and the planet gears, 
effective value tangent to the pitch circles 

radius of the planet orbit 

pitch radius of the planet gears 

pitch radius of the ring gear 

pitch radius of the sun gear 

transmitted torque acting at the hub of tue planet carrier 

torque applied to ling gear through its torslcnally resilient 
support 

applied torque acting at the hub of the sun gear 

sinusoidal excitation introduced at the planet-ring mesh of 
the 1th planet gears expressed as a linear displacement 
tangent to the pitch circle 

sinusoidal excitation introduced at the sun-planet mesh of the 
ith planet gears, expressed as a linear displacement tangent 
to the pitch circle 

angular position of common centerline of the sun gear and the 
itn planet gear, relative to ground 

angular position of the planet carrier, relative to ground 

angular position of the 1  planet gear, relative to ground 

angular position of the ring gear, relative to ground 
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6-      angular position of the sun gear, relative to ground 

ID       angular frequency of all the excitations 

For each of the  gears, equations may be written for the sum of the applied 
torqu1a equal to the moment of inertia times the angular acceleration. 
From Figure 75, these are 

for th" sun goar, 

Ts " IFsi • Rs - V-V (130) 

for each plaret gear, 

FSi • RP " FRi ' ^  " V-^J (181) 

for the ring gear, 

for the carrier, 

LFRi • ^ " TR ■  IR(-eR) (182) 

LFci • RC " TC " h^J (133) 

For each of the planet gears, the equation may be written for the sum of ehe 
applied forces equal to the mass times the linear acceleration, or 

FSi + FRi " FCi  -  V-V  • RC (18A) 

If the linear system described by thesf equations is subjected to sinusoidal 
excitation of angular frequency », the resulting "notions and forces will also 
be sinusoidal and of the same frequency  Therefore, if each of the variables 
is understood to now represent the peak values of the resulting sinusoida.' 
variations, then the angular accelerations may each be replaced as follows: 

(185) 

...c) 

(187) 

(188) 

(189) 

es Ä -w
2es 

Pi 
= -2epi 

11 

9R = -.26R 

ii 

9c 
m ~JBC 

Rl = -J\i 
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Equations (180) through (184) may now be written in the following manner, 
in which the arrangement of terms has also been changed in order to keep T„ 
and Q_ or the F  terms on the rignt-hand side. 

From Equations (180) anH (185), 

LFSi "  Rs [Tg - Isw
26si (190) 

From Equations (181) aud   (186), 

RP • FRi + l?J\i    '     h   ■   hi (191) 

VHien all  planets  are  summed,   this   becomes 

VFRi  +  l?A*?i    '     *VL¥Si (192) 

From Equations  (182)  and   (187), 

VFRi   - TR -^^^R    a    C (193) 

From Equations (183) and (188), 

RcEFci - w2lc6c - Tc - 0 (194) 

From Equations (184) a..d (189), 

FRi " FCi " -Vc0Bl = -FSi (195) 

When all olanets are summed, this becomes 

EFRi " EFCi " ^Vc^Bi " -ZFSi (196) 

The next set of equations relates the displacements and the rotations. 
Note that tne displacement at each of the flexible members is equal to the 
forcn transmitted times the compliance of that member. 

The motion of each planet center in terms of the rotation of the carrier is 

(-6Bi)RC " (-0C)RC + FCi " \ (197) 

Summed for all planets and rearranged, this becc.ies 

^Ci " V^C + RCEeBi = 0 (198) 
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The total motion of the  planer at the sun-planet mesh in terms of the 
rotation of the sun, vlth the introduction of the sun-planet mesh excita- 
tion, becomes 

(-eBi)PC + (-ePi)RP * (-eS)RS " FS1 ' %  + eSi (199) 

Summed for all planets and rearranged, this becomes 

-VeRi " V^i " "Ws - ^EFS1 + IeSl ^200) 

The total motion of the planet at the planet-ring mesh in terms of the 
rotation of the ring, with the Introduction of the planet-ring excitation, 
becomes 

(-eBi)RC " (-epi)RP " -(-eR)RR " FRi " \  + eRi (201) 

Summed for all planets and rearranged, this becomes 

-RCieBi + ^^Pi - WR 
+ ¥FRi = ^Ri (202) 

The motion of the ring relative to ground is 

(-eR) - TRQG (203) 

Equation (203) may now be substituted into Equation (193) to give 

VFR1 + ^\% -  1)TR " 0 (204) 

Simil.jrly, Equation (203) may be substituted into Equation (20?) to give 

-V^i + VePi + WG\ 
+ ^RIFR: = EeRi      (205) 

These quations relate the transmitted torque T and angular motion 6  to 
the applied torque "„ and angular motion 9 , including also the effect of 
the excitations. 

Assumption number 5, stated at the beginning of the dynamic analysis of the 
planetary gear stage. Imposes Important restrictions on the excitation 
summation terms in Equations (200) and (205).  If each set of excitations 
is of the same amplitudt with non-zero, uniformly spaced phase relation- 
ships, each summation is equal to zero.  This may best be demonstrated with 
the aid of an illi-stratlon.  If the number of planets is four, the phase 
separation would be 90° or TI/2 radians.  The individual excitations would 
then be 

t. = . 8ln(u)t) 
1   o 

E0  =  e   sin(cjt  + TT/2) 
2 o 
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E    ■ c  sin(ü)t + n) 
J        o 

c.   = E  sln(wt + 3TT/2) 
't        o 

The summation of  these  is   then 

l£.=E      +£„+£.+£. 
i        o 2 3       4 

le. = £ sin(u)t) + £ sin(a)t + Tr/2) + E sin(cüt + IT) + £ sin(ü)t + 3^/2) loo o a 

It.   = E sinut + £ cosajt - £ sinwt - £  coswt 
1   o        o       o        o 

If the two excitation summations are equal to zero, the excitations dis- 
appear from Equations (200) and (205).  This indicates that under these 
conditions of excitation, there is no excitation influence on the relation- 
ship between applied and transmitted torque or angular motion.  This does 
not mean that the effect of these fully balanced excitations is n^t felt 
within the planetary gear stage but, rather, that this effect is completely 
internal and doep not play any role in the dynamics of the external system. 
(The internal dynamics will be discussed later in the analysis.) 

There is one special case where there i3 no balancing of excitations and 
where the excitations do act on the system dynamics.  This case occurs when 
there is a zero phase relationship between the individual excitations at the 
sun-planet mesh and, similarly, between the excitations at the planet-ring 
mesh. 

Under theGe conditions, 

^s^o ^ Vso (206) 

^R^O = VRO (207) 

At the same time, the symmetry imposed by the equal and synchronized excita- 
tions requires that all the unknown forces and motions associated with the 
planets also be equal and synchronized.  Therefore, 

ZFSi = NpFs (20c]) 

EFRi = NpFR (209) 

EFC1 = NpFc (210) 

£epi = Np p (211) 

leBi = NP B (212) 
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WUh  the substitutions of  Equations   (206)   through   (212),   Equations  (190), 
(192),   (194),   (196).   (198).   (200),   (204), and  (205)  become 

NPFS 
(T.   "   V'V/RS 

RpNpF,. +  I„Oü N  „        ..     =  R N  F 
PR P       P P KP  S 

+  (lBa)V - 1)TD  -  0 

R
C

N
P
F

C 
lc* ec - Tc 

N^F,,  -  N„F„  - 
T' R       "P"C       Vc"" "P  B ,R„u) V -N  Ft 

P s 

"C^^r  RCNpeC + RCNP9B =  0 

■RCNpeB  -  WP  =  -RSNP6S  "   ^S^^ +  ^^0 

-RCNpeB + W? + VGNPTR + ^RNPFR "  VRO 

(213) 

(214) 

(215) 

(216) 

(217) 

(218) 

(219) 

(220) 

Note that Equations (214) through (220) have all the unknown variables on 
the left-hand side and the known variables F . 6 , t  , and c  on the 
right-hand side,  F Is included among the known torque Tc and motion 9{ 
applied at the start of the planetary stage. 

S 

Equations (214) through (2^0) are listed in tabular form in Table KXXTII, 
The solution of these simultaneous equations will give the transmitted 
torque Tc and motion ec, as well as the individual gear tooth forces. 

In relating these equations to the Hölzer analysis, if the planetary gear 
stage is located at station n. the following equivalences apply: 

Tr r 
(221) 

T ■ T 
C   n+1 

(222) 

(223) 

n+1 (224) 

It  should be noted that  Equations   (214)   through  (220)  and  their  solution 
may also apply when there is no  internal  excitation;   that  is,  when the 
excitation  is  completely exuernal  and  is  introduced by reans  of  the dynamic 
applied  torque T    and motion 9„.     The only condition  implied  is  that  in 
transmitting  the dynamic  effects,   the planets undergo motions and  sustain 
forces which are all equal and synchronized  in phase relationship.     This 
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condition may be considered as a realistic one If only because there Is no 
reason to expect that more complex forms of dynamic response will be 
generated. 

The case wht:n the excitations have non-zero, uniformly spaaed phase relation 
ships will now be considered.  As pointed out previously, the effect of 
these excitations is completely internal to the planetary gear stage. 

For the case when the only excitation at the par-.icular frequency is within 
the planetary system, the external dynamic torques and motions, whether 
applied at the sun, Tg and 9 , transmit'ed by the carrier, T and 6 , or 
experienced by the ring (tear, T and 0 , are all equal to zero. The same 
conditions of excitation impose a symmetry that dictates that not only are 
the summations of excitation equal to zero, but also the summations of all 
planet forces and motions are equal to zero.  Therefore, equations with sum- 
mations. Equations (190), (192), 093), (194), (196), (198), (200), (202), 
and their derivatives, all degenerate into identities of 0 - 0. Only the 
equations written foi '-"Uvidual planets stii1. apply.  When one planet 1.-; 
selected as typical,      ^n it is recogni . d that the other will be 
Identical except for t    jrra phase shift In all its forces and motions, 
the remaining equation.^, (191), (195), (197), (199), and (201), now become 

VR + V\ - Vs -0 (2:'r) 

FR - FC  " V(/3B + FS  "  0 (226) 

-RC0B " ^C = 0 (227) 

-RceB "  Vp + Vs  =   EG (228) 

-RC9B + VP   ' \h '  eR (229) 

Thase  five equations are  listed  in Table XJCXIV and may be solved simulta- 
neously  to find  the  five unknowns.    This solution,  which  is  independent 
of external system da   ■,  has no links with  the Hölzer analysis and need not 
be part of the overall  system calculation.     Instead,   the necessary calcula- 
tion  is provided  by an auxiliary program which treats  each planetary gear 
stage by itself.     In the special case where excitations of  the same  fre- 
quency occur Inside the planetary system and also  in the main system,   the 
omy treatment possible  is  to  find the two  sets of solutions and  to  combine 
Chem by superposition.     In rr-king this combination,  note  that  the results 
from the auxiliary calculation described immediately above must be staggered 
in phase tor the  individual planets before being combined with the results 
of the main calculation described earlier. 
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DESCRIPTION OF MAIN COMPUTER PROGRAM 

Organization of Stations 

Selection of Stations 

Stations are established where one or more of the following descrip- 
tions apply: 

a. The free end of any portion of the system, including the end 
and beginning of the main system and the end of any branch. 

b. Th. point at which a concentrated inertia Is acting.  By 
concentrated inertia is meant an Inertia which is not cal- 
culated by the program from given cylindrical dimensions. 

c. The point at which a concentrated complia..ce is connected to 
the inertia which precedes or follows it.  This inertia may 
be either concentrated or of the distributed type calculated 
by the program. 

d. The point at which external constraints are applied to the 
system in the form of an elastic restraint or in the form 
of damping. 

e. Each member of a simple gear set, but without any stations 
between these two. 

f. The start and end of a planetary gear stage. 

g. Where Inertias and compliances ar^ to '">e computed by the 
program, at any point where there are changes in arv of the 
diameters used to define the cy. ndrical portions of the 
system. Any non-cylindrical poitlon, such as a tapered 
portion, may be approximated by converting it into a series 
of stepped diameters. 

Numbering of Stations 

The stations are numbered in accordance with the following procedure. 
Refer also to Figure 76. 

a.  Select a    main system" which begins at a free end and trace 
a path through the system components until it reaches another 
free end.  This path has the restriction that any branches 
which remain may not have further branching on themselves. 
Also, the path must snter each planetary stage through the 
sun gear.  In Figure 76, the main systt .; selected consists 
of th* paths 1-4, 9, 15-20, and 25-AC.  The main system 
might also have been selected as 1-4, c», 1S-20, rind 25-21 
(which would of course require changes in otatlon numbers). 
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However, a main system with the path 10-20, and 25-40 would 
not be permissible, because the branch of 5-9 would then have 
the branch of 1-4 on itself.  Also, a main system with the parh 
40-25, 20-15, 9 and 4-1 would not be permissible, because it 
enters the planetary stages from the carrier side. 

Start numbering the stations beginning with 1 at the starting 
free end, continuing in  sequence until a connnon station with 
a branch is reached. Do not give the common station the next 
number.  Instead, go to the free, far end of the branch, 
continuing the numbering sequence at this far end and number- 
ing along the branch until the common is reached.  The common 
t':en leceives the next number, and numbering is continued 
along the main system. The same procedure is followed when- 
ever another branch is  encountered.  The end of the main 
system receives the highest station number. 

I 
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Input  Variables.   Format,  and  Instructions 

Card  1    Title,     Format   (72H).     This card  precedes  each set of  input 
data. 

a. Printing   instructions,  column  1. 
For  printer   to  skip a line,  use 0. 
For printer  to go   to next  sheet,  use 1. 

b. Title,   columns  2   through 72. 

Card  2    Control  numbers.     Format  (715) 

a. NS    Total  number  of  stations.     (NS  <^ 200) 
Specification  for selection of  stations given in 
earlier  section. 

Place  lust  digit of this  number   in  column 5. 

b. NB    Number  of  stations with external  constraints,   in  the 
form of elastic restraint  or damping,   both with 
respect   to ground.     (NB <^ NS) 

Place  last  digit of  this  number   in  column  10. 

c. NBR    Number  of  branches,  without   including main system. 
(NBR  <_ 20) 

Place  last  digit of  this  number   in column  15. 

d. NMPG Total  number  of cases of gear excitation.    A change  in 
station number,   frequency,   or magnitude of  either 
component  constitutes a  separate case.     In the plan- 
etary  stations,   one pair of  sun and   ring  excitations 
of  the  same   frequency constitutes one  case.     Individ- 
ual  solutions  are found   for each  case.     Except  in  the 
planetary stages,  when  there are multiple excitations 
of  the  same   frequency at  different   points  in the sys- 
tem,   the  solutions  for  the  individual  excitations must 
be combined  outside the program. 

Place  last  digit of  this number   in  column 20. 

e. INP     Identification as  to whether  this  control  card 
represents  the  last complete set  of   input data being 
submitted. 
If more  sets  of  input data   follow,   use  0. 
If  this   is  the  last set,   use  1. 

Place  this digit  in column  25. 
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f. NSRG Number at simple gear sets. (0 < NSRG <_ 20) 
Each set consists of two gears. If an idler is 
used between two gears, the combination must be # 
represented by two simple gear sets, where the 
idler is replaced by two connected gears with no 
compliance between them and with a total inertia 
equal to that of the idler. Where one gear drives 
two or more gears, each leading off to separate • 
branches, a similar conversion must be made. If 
one gear drives through multiple gears back into 
the main system, in a so-called star arrangement, 
the only treatment possible in this program is to 
combine the multiple intermediate gea s into one 
composite gear, assuming that the excitations, if 
any, are torsionally synchronous. 

Place the last digit of this number in column 30. 

g. NPLG Number of planetary gear stages. (NPLG <_ 2) 

Place this digit in column 35. 

Card 3 P.otor material properties. Format (5X, 2E 12.4) 

a. GM Shear modulus of elasticity, lb-in."\ May be zero 
only if all values of RL in the rotor data are zero. 

Use columns 6 through 17. 

3 b. DENST Weight density, lb/in. . May be zero only if all 
values of RL in the rotor data are zero. 

Use columns 18 through 29. 

Cards 4-1 to 4-N5; Rotor data. Format (15, 6E 12.4) 

a. 

b. 

Use columns-' 6 through 17. 

NSTA Station number at or after which the rotor data 
apply. There must be given in numerical sequence 
with no omissions. 

Place the last digit of this number in column 5. 

2 RIP Moment of inertia concentrated at. station, lb-in. . 
This includes any inertia in the system which is 
not to be calculated by the program from dimensional 
data. At the stations for simple gear sets, list the 
inertias of both members in the ."otor data. All 
planetary inertias are included only in the separate 
planetary data cards. The station which immediately 
follows the planetary may havp its own inertia. 
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c. RL   Length of uniform cylindrical shaft section batween 
this station and the adjoining, higher-numbered 
station, in. At the station for the first member 
of a simple gear set and at the station for a 
planetary gear stage, uae 0.0. At the terminating 
or last station, use 0.0 or 1.0. 

Use columns 18 through 29. 

d. DST  Outer diameter for stiffness calculation of the 
cylindrical shaft section, in. This diameter 
measures the section which transmits torque.  If the 
actual shaft section is reduced as by a keyway, a 
diameter which approximates the reduced section 
should be used. At the station for the first member 
of a simple gear set and at the station for a 
planetary gear stage, use 0.0. At the terminating 
station, use 0.0. 

Use columns 30 through 41. 

e. DMS  Outer diameter for mass calculation of the cylindri- 
cal shaft section. In.  This diameter measures the 
section which contributes Inertia.  It may Include 
any assembled sleeves or hubs which extend the full 
distance and which rotate with the shaft. Use 0.0 
for the special stations as described under DST. 

Use columns 42 through 53. 

f. CIN  Inner diameter for both stiffness and mass calcula- 
tion of the shaft section, in. If the shaft section 
is solid, use 0.0. Use 0.0 for the special stations 
as described utidtsr DST. 

Use columns 54 through 65. 

g. CCOM Concentrated compliance acting between this station 
and the adjoining, higher-numbered station, rad/ln.- 
1b.  This compliance is separate from that calculated 
by the program from the dimensional data, and it 
can be used only when there are no such dimensional 
data between the same two stations. Any value listed 
as a concentrated compliance will enter into the 
computations only if RL > 0 for the same station. 
Use 0.0 for the special statir.ns as described under 
DST.  Concentrated compliances associated with any 
of the gears are Included only in the special data 
cards for the particular type of gear stage. 

Use columns 66 through 77. 
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Card:» 5-1 to 5-NB Extern«! conatralnts.    Format (IS,  2E 12.4) 
(These cards are omitted In NB -0) 

a. LB       Station nvnber at which the constraints arc   ictlng. 
These mv;t be given In numerical sequence. 

I ' 
Place laat digit of this number In column 5. 

i. 

b. BK       External,  toralonal, elastic restraint acting at the 
station, expressed as a toralonal stiffness, 
ln.-lb/rad.    In an actual system which has steady 
rotation,  the stiffness must be 0 If the restraint 
Is to ground.    If In such a rotating system the 
restraint Is to an "Infinite" but rotating mass, the 
stiffness may have any finite value. 

Use columns 6 through 17. 

c. BCE     Coefficient of the external damping constraint acting 
at the station.  In.-lb-sec/red. 

übe columns 18 through 29. 

Cards 6-1 to 6-NSRG   Simple gear set data.    Format (15, 4E 12.4) 
(At least one card must be submitted.) 

a. LS       Station number at which the flrat, or lower-numbered, 
member of the gear set Is located.     (The second mem- 
ber of the gear a«t Is understood to be at the 
station LS+1, unless It serves as a conmon station 
to a branch.    In thl* caae, the second member has 
the number which completes the branch.)    The simple 
gear    set station numbers must be given In numerical 
sequence. 

Place the laat digit of thla number In column 5. 
■ 

b. RP  Pitch radlua of the first member of the g .ar set at 
station LS, In. 

Use columns 6 through 17. 

c. RG  Pitch radius of the second member of the gear set. In. 

Use columns 18 through 29. 

d. SO  Combined linear compliance of the two gears, tan- 
gential to their pltc circles. In./lb. 

Use columns 30 through 41. 
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Cards y-l-A.B.C to 7-NPLG-A,B,C Planetary gear stage data. 
(These cards are omitted If NPLG ■ 0.  When they are 
Included, they must appear in sets of three, and each 
set must be arranged in the order given.) 

First card of set -A 

a.  LEG 

Plar.etary geometry. Format  (15,  3E 12.4) 

Station number at  the start  of  the planetary stage. 
This  location of  the  station  is at  the connecting 
poinc  to the sun gear,  but  the station does not 
include the sun gear.     The  sun gear and other 
planetary components,   Including  the planet  carrier, 
lie between this  station and   the one  following   it. 

Place the last digit  of  this  number in column 5 

PN Number of planet  gears   in  the  planetary stage. 

Use  columns  6  through  17.     Do not omit  decimal  point, 

RS Pitch radius of  the  sun gear,   in. 

Use columns  18 through  29. 

RV Pitch radius of  the planet  gear,   in.    The pitch 
radius of the ring gear will  be calculated within 
the  program by adding double the planet  radius  to 
the  sun radius. 

Use columns 30 through 41 

Second  card  of  set  -B        Planetary  inertias 

a.     IPL 

Format  (15,   5E 12.4) 

Station number of  the  planetary stage,   the  same  as 
LEG. 

Place the last digit  of   this  number  in column   5. 

b. PMS       Weifiit on one planet  gear,   lb.     This  includes  all 
components which rotate with  the planet -  everything 
between bearing surface and gear teeth.    One-half 
the weight of any rolling  elements  in  the bearing 
should be included. 

Use columns 6 through  17. 

2 
c. PSP       Moment of  inertia of  the sun gear,  lb. in.   .     This 

includes all components between the point of 
connection to the outside  system and  the gear  teeth. 

Use columns 18 through  29. 
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d. PIP   Moment of inertia of each planet gear, Ib-ln. . 
This Includes all components used in computing the 
weight.  PMS. 

Use columns 30 through 41. 

2 
e. PRP   Moment of inertia of the ring gear, Ib-in. . 

This includes all components between the gear teeth 
and the point of elastic connection to ground.  If 
the connection to ground Is rigid, with zero 
compliance, any finite inertia may be used for the 
ring gear. 

Use columns 42 through 53. 

2 
f. PCP   Moment of inertia of the planet carrier, Ib-in. . 

This includes all components between the bearing 
surfaces in the planet gears and the point of 
connection to the outside system. 

Use columns 54 through 65. 

Third card of set -C Planetary compllinces.  Format (15, 5E 12.4) 

a. IPL   Station number of the planetary stage, a repetition of 
the value in the previous card. 

Place the last digit of this number ^n column 5. 

b. SS    Conbined linear compliance of each sun-planet gear 
mesh, tangential to its pitch circle, in.-lb.  If 
the sun gear construction is such that there is a 
significant compliance between the hub and the rim, 
the starting connection point to the sun gear should 
be redefined as located at the rim.  The hub would 
then be associated with the outride system as a 
separate station, with the structural compliance of 
the sun gear as a connecting concentrated compliance. 
In this case, the mesh compliance still appears 
under SS, but the sun gear inertia under PSP would be 
limited to that of the rim construction. 

Use columns 6 through 17. 

c. SR    Combined linear compliance of each planet-ring gear 
mesh, tangential to Its pitch circle, in.-lb. 

Use columns 18 t'irmioh 29. 

248 



d. SW    Linear compliance of the planet support in the planet 
carrier, tangential to the path of planet centers, 
in.-lb.  This compliance is the combination of the 
compliance of the planet bearing and the compliance 
of any portion of the carrier which will deflect with 
the individual planet.  If the carrier construction 
is such that there is a compliance between a hub and 
a rim-type member which supports all the planets 
collectively, this structural compliance may be 
combined with the others to give a total planet 
carrier rompliance.  Alternatively, the system may be 
changed so that the end of the planetary stage, that 
is, its connection to the external system. Is t .iken 
at the rim-type member.  In this case, the hub becomes 
associated with the outside system as a separate 
station.  The compliance between hub and rim then 
appoars as a separate concentrated compliance between 
rhe station at the close of the planetary stage and 
the new station for the hub.  With this change, the 
compliance used under SW is the combination of only 
the first two compliances mentioned above; namely, 
those associated with the individual planet. 

use columns 30 through 41. 

e. Blank Columns 42 through 53 are not read In this main computer 
program.  The auxiliary program used in conjunction 
with this main program will take the same input 
planetary data on the same cards, except for one item 
for which this field has been reserved. 

f. ST    Angular compliance of the support between the ring and 
ground, rad/in.-lb.  If the ring is rigidly connected 
to ground, set this compliance equal to zero. 

Use columns 54 through 65. 

Cards 8-1 to 8-BR Branch data.  Format (215) 
These cards are omitted if BR = 0,) 

a. LBR   Number of the first or free end station of the branch. 

Place the last digit of this number in column 5. 

b. LBS   Number of the common station of the branch at which it 
is connected to the main system. 

Place the last digit of this number in column 10. 
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Cards 9-1 to 9-NMPG Gear excitation data.  Format (15, 6E 12.4) 
(These cards may be subjiilted in any order.) 

a. IT    Station number which Identifies the gears at which the 
excitation is introduced.  For simple gear sets, the 
number of the first member is used, as for LS in 
card 6.  For planetary gear stages, the station number 
at the start of the planetary Is used, as for LEG In 
card 7-A. 

Place the last digit of this number in column 5. 

b. FFQ   Frequency of the excitation, cps. 
(TE1)   (TE1 Is used for temporary storage.) 

Use columns 6 through 17, 

c. AXY   The real or cosine component of the linear excitation 
or AXY1  in the simple gear set (AXY) or in the sun-planet mesh 
(TE2)  of the planetary gear stage (AXY1), in.  This 

excitation is Introduced at the gear mesh tangential 
to the pitch circles. 
(TE2 Is used for temporary storage.) 

Use columns 18 through 29. 

d. BXY   The imaginary or sine component of the linear excitation 
or BXY1 described above, in. 
(TE3) 

Use columns  30 through 41. 

e. AXY2      The real or cosine component of the linear excitation 
(TE4)     in the planet-ring mes'.i of the planetary gear stage, 

in.     This excitation Is Introduced at  the gear mesh 
tangential to  the pitch circles.     On a card with 
excitation for a simple gear set,   this  field is left 
blank.     (TE4  Is used for  temporary storage.) 

Use columns 42  through 53. 

f. BXY2      The imaginary cr sine component of the  linear excitation 
(TE5)    described just above,  in. 

Use columns 54  through 65. 
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Output  Variables and Explanations 

Tabulation of Input Data 

Title  - as in input card  1 

Control  numbers - NS,   NB,   NBR,   NMPG,   INP,  NSRG,   NPLG,  as   In input 
card 2. 

Rotor material properties  -  GM,   DENST;   as  in  input  raid  3. 

Rotor data  - NSTA,   RIP,   RL,   DST,   DMS, DIN,  CCOM,   as   in  input  card 4. 

External  constraint data -  LB, .BK,   BGB,  as  in input   card  5. 

Simple  gear set data-LS,  RP,  RG,   SG,  as  in input  card  6. 

Planetary gear stage data  -  LEG,   PN,  RS,  RW )   all as  in 
IPL,   PMS,  PSP,  PID,   PRP,   PCP)        input 
IPL,   SS,   SR,   SW,   Blank,   ST    )   cards  7. 

Branch data - LBR,   LBS,   as   in input  card^ 8. 

Excitation data-IT,FFQ,AXY or AXYL,  BXY or BXY1,   AXY2,   BXY2,   as  ii. 
input  cards  9.     Each set of excitation data   Is given 

j separately  followed by its own calculated  response. 

Calculated Data 

Computed  response at  each simple gear set - LS,   TTFR,   TTFE 

where:    LS       - Station number identifying  the simple gear 
set. 

TTFR - Real  or  cosine component  of   the dynamic 
tangential  tooth forre developed at  the gear 
mesh,  lb. 

TTFE -   Imaginary or sine component  of  the  same 
force,  lb. 

Computed  response at each planetary gear stage - LEG,   Cl,  C2,  C3,  CA 

where:    LEG    -  Station number  identifying  the planetary 
gear  stage. 

Cl      - Real component of the dynamic  tangential 
tooth fore« developed at   the  sun-planet 
gear mesh,   lb. 

C2      -  Imaginary component of the same force,  lb. 
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C3  - Real components of the dynamic tangential 
tooth force developed at the planet-ring 
gear mesh, lb. 

C4  - Imaginary component of the same force, lb. 
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Program Listing of Source Deck 

This program was written in FORTRAN II - Extended and may hi.  compiled with 
FORTRAN IV.  It was developed on the IBM 1800 computer.  In the source 
deck listing which follows, the READ and WRITE statements are written with 
the variable NR to specify the reading unit and with the variable NW to 
specify the writing unit. To recompile the program for the IBM 7090, 
introduce the required unit numbers by making the necessary changes on the 
cards as noted in the listing. 

In addition to the controlling portion of this torsional response program, 
named TORRP, there are two subroutines. The first, named PLNST, treats 
the planetary stage. The second, named MATIN, performs the matrix inver- 
sion that solves the simultaneous equations of the PLNST subroutine. 

Running time on IBM 1800 was approximately 

4  minutes for a first case of 40 stations and one excitation 

.7 minute additional for each similar case with new design data 

.3 minute additional for each new excitation. 
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TOM?   Tor.loiul R«>POW Fore«» of Svit—With G**f. Pl«n»tTY OT». «ad Br«tch«i 

 COMMOfT TBKTr.TT7THET2".2 ) rrPffT2 .2)". TPE 12 12 I . TF 5PH I 2 tTT t T FSPE ( ^. 2 >»  
1 TFPRR(2.2liTFPRE(2.2)tTTPCR(2.2)»TTPCE(2.2)»TTGRR(2.2).TTGRE(2t2) 

" "   COMMOK RIFITOTTTTDSTTyaOI VDH5T700) .PI N 1200) .BCH ( bO) .LB I üO ) .UU I ( 200 I 
l.BK(50).LeC(2).RS(2).RW(2) .PIP(2).PMS(2).PN(2).SS(2 ) .SW(2).SR(2). 
2 5Tt2).LBRt2O).LffST20jrccOHt20a)."*XTrrAXVr2.BXYTTBXYr»TLirt2DOn—'  
3 TLE(20f,).THR(2OO).THE(20O) .TRR(200).TRE(200).TRRl(200) 
 COHITON" AT7.7T ."Ff?.?r.lSl 20)■.RPT2(n .Hü( 20 I .SO( 20 ) . rRH2 flODTi  

1   TRE1I20C).THE1(200).TLE1(200).TRE2(200).TTFR(20).TTFE(20). 
 7   PSP17).THRTt7trOTiTCRlr200) .THH2(200).TLR2I20U).IHE2(20Ö).  

3   TLE2(200).RL(200),PCP(2).PRP(2) 
--•"   C OmOHlJ V X^. L 41 WD IA G . FHQ 2".^ NGR'. ft1TCr.T(^r.-TOr~rr.'N^~"."WT'. WV»r'. IM R. N P L G 

C   CORRECTIONS   PN336     11/67 
C SET UP F0R"rrTHrR""lBH   180a OR   GETTIS  
C    INITIALIZE   NR   AND  NW   KOR   1800 

"■■   '   KK*?  
NW«3         

"70 aTTEATJTNR". 10 OT         
REA0(NR.101)NS.NS.NBR.NMPG.INP.NSRG.NPLG.MDIAG 

CTl»PCG«fTO;_TJF~R.ANETARY   GEARS   -TNPTG^O.l   OR   2)  
C   NSRG   «   NO.   OF   SINGLE   REDUCTION   GEARS   (NSRG   «   1   TO   10   ) 

RFATKTnri 102 J bH itTEVST 
WRITE(NW.IOO) 

... —imnrrNwvTOu -  ~   
IF   (MÜIAG)   2021.2019.2021 

-7OTV WRITE   (Ntr.T06r fTS.NB.NBR.NWmj.tNP.rrSRG.NPLG  
GO   TO  2022 

"TOn   WRITfc   INW.11/)  
WRITEINW.104)NS.NB.NBR.NMPG.INP.NSRG.NPLGtMDlAG 

rjrjrj'GnTOENST 
OENST'OENST/386.069 

—nr 
n 

—IT- 
IS 

—rr 

17 
—rr 

19 
2X)~ 
21 

23 

25 

21 
-zr 
29 

31 
-yr 
33 

SV 
35 

-re 
37 

TT 
39 

-«nr 
«•I 

-«rr 
<»3 
-w 

-*t- 
47 

WRtlEINW.107) 
DO  201   J»1.NS 

CHANGE -concErrrRArED COWPLIAWCC 
READ(NR,190)NSTA.R1P(J).RL(J ) .DST(J).DMS(J)tOIN(J).CCOM(J) 

CHECK" 
IF(NSTA-J)   2000.2001.2000 

PRINT   OUT  CONCENTRATED  COMPLIANCE 
WRIIblNW.lUHINSrA.RIPIJ) .RLIJI.ÜSI IJ) .UWM J ) .DINU I .CCOWIJ) -TtKrr 

201 RIP(J)»RIP(J)/386.069 
LBIl)«NS+2 
LEC(l)«NS+2 
LBRin*NS4-2 
LBS(l)«NS+2 
CSm  TIS*2  
IF(NB)   202.202.203 

203  WRITE I NX.109 I  
00 204 J'ltNB 
 RE«P(WR»190ILBtJI tBKU) .8CBIJI 
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204 WRITE(NW.108)LB(J)>BK(J) .SCBU) 
2C2 WRITE(NW•112) 

49 
50 

WRITEINW.113) 
DO 205 I*1.NSRG 

91 
52 

KbAuirlK*l7UlL5l 1 1 »Rrl I 1 . Kvj ( I I . Su I 1 I 
205 WRITE(NW.108)LS(II.RP(II.RG(I)»SG(I) 

53 
54 

C TEST NO# OF PLANETARY GEARS 
IF(NPLG) 210.210,209 ! 

55 
56 

C 1 OK Z PLANETARY GEARS 
209 WRITEINW.114) 

3 1 
58 

DO 212 Js1tNPLG 
READ (NR.190) LEC(J).PN(J).RS(J>.RW(J) 

59 
60 

WRlTtlNW.lZ7) 
WRITE (NW.108) LECIJ).PN(J).RSI J)«RW(J) 

61 
62 

HtAU 1NK.IVUJ IKLlKWblJl.KbHlJJ 
WRITE (NW.128) 

•KIPIJI.KKK1Jl1 P(.P1Jl 03 
64 

WKITE (NW.10 8) IPL.PM5IJ).P5PIJ).PIP!Jl.PKH(J) 
READ (NR.130) I PL .SS (J)'. SR (J ) .SW ( J) .ST ( J ) 

• PCV1J J 65 
66 

WRITE 1NW.129) 
WRITE (NW.131) IPL.SSIJ).SRI J). SWIJ).ST(J) 

b r 
68 

P5PIJ) =P5P(Jl/386.069 
PCP(J)=PCP(J)/386.069 

6 V 
70 

PRPIJ)«PHP(J 1/386.069 
PIP!J)*PIP(J)/386.069 

11 
72 

212 PMS(J)»HM5(J)/386.069 
210 IF(NBR) 213.213.214 

/ 3 
74 

214 WHITE(NW.llB) 
DO 215 Js1»NBR 

/ 3 
7(1 

READ (NR.lOl) LBR(J).LtiS(J) 
215 WRITE(NW.119) LBR(J).LBS(J) 

r i 
78 

213 K5=NS-1 
DO 216 J*1»K5 

1 9 
80 

C1=RL(J) 
C2=DST(J) 

81 
82 

IF(Cl) 217.216.217 
217 IFIC2) 218.216.218 

83 
84 

218 C5=DIN(J)«DIN(J) 
C4«C5#C5 

85 
86 

C6XDM5(J)*DMS(J) 
C8=0.098174 77»(C2*»4-C4) 

87 
88 

C3*C8*GM 
C4«0.09817477<DENST<<C6*C6-C4) 

89 
90 

DDT< J)*C1/C3 
DMS(J)=C1»SQRT (C4/C3) 

91 
92 

DINI J)±SUKT({.3*t4l 
216 CONTINUE 

ya 
94 

£ 
C 

READ IN FREQUENCY. ONE AT A TIME 
SET UP FOR TOTAL NO. OF GEAR ERRORS 

95 
96 

C 
DO 501 I ERR s1»NMPG 

SET STORGES FOR GEAR ERRORS *0 
97 
f? 

FKJ*0.0 
AXY»0.0 

vv 
100 

BXY»0.0 
AXY1»0.0 

101 
102 

BXY1«0.0 
AXY2«0.0 

103 
104 

C 
BXY2a0.0 

READ IN GEAR ERRORS 
105 
106 

C 
READtNR.190)IT.TE1.TE2.TE3.TE4. 

TEST FOR S.R. GEAR 
TE5 107 

108 
DO 2011 1*1»NSRG 

255 

109 



) * < ! » - i i c n ' i ? o n » 2 < m j » ' ? o T i r n r 
UCiHI VALUE?. FOR S» PiFAR 111 

" ? o i :• A/V.TE2 - — — r r r 
6 v "•T t ?. U 3 

"WRI Tf i N* • i9<« i » r n r 
*f t !Tt lNW.103) IT ,TF1 .TESTES ^ 115 

• - o'. TO 7 0 2 0 rre-
CONTINUE 117 

C TFST T-OF PC*T.-GH»S -• v TTT 
tr(NPLG) 2 0 1 8 . 2 0 j . * , ? C 119 

"FiX? VU 2TJTT T i l .NPt G , T7V 
!F< lY-LFC<. t M 2C1"'»20Ht2Ci T 121 

"2014 "WRITE fHW»I95"V — — 1 7 7 
AJCY1»TE2 123, 
9XYTSTE3 - ITT 
AXY2«TEA „ 125 
BXY2«TE5 - 175 
W9JTEINW.108 ) I r » T l . TEi . T K 3 . U 4 , T f - 3 127 
GO TO 2020 ' ™ 17V 

7017 CONTINUE 129 
7CT8 XRTTETNBVI97) ~ r 7 Q r 

CALL EXIT 131 
2 0 2 0 FFQ*TE1 XTT 

C CORRECTIONS FOR FREGUFKC'r •" A TIME 133 
' —FRQff6.7*31®5T»FFG " T3V 

IFIFROl 501» 501»S9« 135 
599 FTTO2«FRa»FTO . — - r J 5 _ 

^1*1 137 
5Z7 ANGR*C".0" TTT 

ANGE«0.0 139 
TQR*0«'(r~ . - - - ITfO" 
TCiF»0.0 - 141 
AT3R*U;0 Pt7" 
M 3 E » 0 . 0 143 
<1*1 T55" 
K?*l 145 
K « - l p » T 
KS-NS+2 147 
C1*CBRTTJ " p fK 
L2*LB(1) 149 

r J f i r T i A i i T Z E ^ F o i r n o . OF STNGLF "XP. GEAR? — - r s o 
NG ' l 151 

L 3 - L S I 1 ) 153 
T T O SET UP FOR (1U "PLANET A * r GFASTS" • s r rp f f ^TATtWtWT~?CT? — T W 

L4 - L E C H ) 15a 
GO TO (227.226T.TT1 I « 

227 ANGR»1.0 157 
77ff DO~5U3 J* . . ITS r r o 

I F ( J - L 1 ) 2 3 1 . 2 3 0 , 2 3 1 159 
• 230 IEIM1-1) 2 3 2 . 2 3 2 . 2 1 4 " - TBtf 

232 TL1R-TGR 161 
ALIR'ANUK - TK2 
TL1E-TQF. J 6 3 
ALit«ATTOE" " * TBTT 

562 ANGR«1.0 165 
ANbt«U.U T55" 
TQR«0.0 167 
TOt«0.0 * - "'TOT 
A13R-0.0 169 
AI3E«U.U * "" ~ 1T0 

256 



• 

WjT^iüir.inm ^■MwcaMc «'iWTJtWr ■il 

GO   Tu 23b 
234 TL2R»T0« 

TLJF'TOf 
AL2r=:ANr/< 
AL2E«»HGr 

564   ANOR-„. 
ANGE»'t 
TOR«':'! 
TQE»C. 
A13R»v. 
A13F«C. 

235 K5*LB3iKI, 
K.6 = L1 

IFOfBIT-KlI   237,235,236     '    
236 Ll'LBR(Kl) 

Ga TO  240 
237 Ll=NS+2 

'      Gcrro'TP)       -•■"   
231    IF(J-<5)   249,230,24^ 
238' i nm'-r)~7W,iw,i7 < " ■•" 
FIND   AMPLITUDES 
2^8   Ä"Ar = rSNGR»AK|GR ♦■ ANC!"« * .^E !    " 

AA2   «   5CJRT    1 ' Al ■ 
 S"Ä-5"'^ALTR»"A\t,R   ♦Allfl^i'-GF  

AA3   =(ALlR*A!.l(v    f AL i c »Al. 1 E ) 
-     TKi-iSSffJ   fÄTÖi     ~ ■ 

IF   (AA2-1.0E -7»AA^:    2'»?,241,24. 
24!    AÄir"iA*57AAl 

242 

AAE = 
TET'i 
TE2 « 

TET «" 
TE4   = 
AN'oH» 

KB'K5-1 

AAR   »   AA?/   AA3 
"ÄAT"-~r ALIR'ANGT 
TE1   »  TL1R 

(ANGR< 
■raff 
TLiR 
TUT" 
TL'.E 
ALlR 
AL1E 

Al. if      ANOE'Al 1R i    .'AA1 

-1 

.  ' c 

i  'u 
rr? 

80 
:5T 

TB 3 
104 

ist 
TB7 
lab 
IB'J 
19C 

ALTF»ANr^V7"A7rT" 

TE? 
TETT 

rTÜPT 
= TL1E 
—TUT 

4000 

K7»l 

TOR 

243   DO 
Cl 
C2 

AAR»   TE1 
rar" •m 

244   L'K.7,<e 
•   TLR(L) 
«   TLE(L) 

-AAE»   Tt3 
+  ÄSRSTn 

+ TE2 

C3   *   THR(L) 
C4   «   THE!L) 

"C5   »TffRTLT  "'" 
C6   •   TREiU 
TLRILI   -   AAR»C1-AAE»C2 
THR(LI   • 
Twrur 
TLEd.) 
THEdT 

AAR»C3-AAE»C4 
-pmzi^ttrizb— 
AAE»C1+   AAR»   C2 
AAE»^^* AÄR»""r4~ 

257 
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■ 

' 

2Uü 'ISltD   «  AAE«C5+  AAR»  C6 
GO   TO   249 

4 21  T OR■TQR>TL2R  
TQE»TQE+TL2E 

 ÄNCRVATreR+TfLirr"  
ANGE«ANGE+AL2E  

"THSTJi-'ANSr 
TLE(Jt«TOE 
THRFJI «"ÄflGR  
TLR(J)«TQR 

249 

283 ':i«BK(K2) 
 -X2-BCBIK2)  

K2=K2+1 
 TFINB-K2)  261.260.260 
260 L2"LB(IC2) 
 60  TO" 255  
261 L2-NS+2 
 CXT TO "7B5  
284  C1=0.0 

285 
C2 =TT.O  
C1-C1-FRQ2»RI',(J| 
"C2*FRQTCT  
TQE»TQE+C1»ANGE 

"fRETJT 
-C2*ANGE 

+C2»ANGR 
TOE   

TQR»TQR+C1«ANGR 
TRRT^rfTOR  
IFU-NS»   286,287.287 
Tn-Hri=TT"4tn"r5:aT?W2' 
IF(J-L3)   288.289,283 

 287 
286 

TKWNGE TO'^UBSCRIPT VARrÄELESTORITORE   THÄfTONE  5R GEHTT 
289  C1»RP(NG) 
 Xr2i ■RGfNCn  

An»-Cl/C2 

A21«0.0  
" "ÄTT^s^-SGfNG T 

NG-NG+1 
 IF(N; "HTSRG) loiv,1019.1020 
1019 L3-LS(NG)       

GO TO 7 021 
1020 L3"NS+2 
1021   IF   (Hl-1)   351.351, 

C   TEST   FOR   EXCITATION 
75T 

 251   IFJIT-J)   351.290.351  
C   CORRECTION   FOR  LINEAR  EXCITATION 

A13Ri Tm 

288 

A13E—BXY 
GO  TO  35r 
IFIJ-L4)   255,254.255 

•~254   IF    IHOIAGI   1092.1095.1095 
1092   IF   (K4-1)   1095.1096.1095 

1093 
IT" 
WR] 

(H1-1J 
TE (NW, 

1093.1093.1094 
181) 

1094 
1UV5 

"ZTT 

GO TO 1095  
WRITE (NW.I82) 
CALL PLNbl  
GO TO 503 

RLIJ)  

^TST 

"CT 
IF(C1) 
TTT 

257.256.257 

113 
"2TT 
215 
-7T6- 
217 
TTB" 
219 

221 
~Z7T 
223 
"T^T 
225 
"27B- 
227 

-ZZ8- 
229 
"770" 
231 
"737" 
233 
"23Tr 
235 
"T3^ 
237 
-73B- 
239 
T50 
241 
"2^r 
243 

245 

247 

249 
"25Ü" 
251 
-Z5r 
253 
"75*" 
255 
"ZT5 
257 
-73-r 
259 
-T^r 
261 
"7Ö2" 
263 
-21V 
265 

267 
-zrr 
269 

uxr 
271 

TTT 

258 

•-.V / 
■ 



» • .jwrart^PBfcMW»* «W1^^ 

T1OTRFPTT5H   Töft  CONCENTftATtD COMPLIANCE 
A12   •CCOM(J) 

"27T 
27«» 

KZT*VTO  
A22»1.0 
CO  TO   3bl 

-rrr 
276 
-rrr 
278 257   C3 = FRQ»DMSU) 

 IF(Ca-ü.00ü3)   2!)8,25B.Z!1
,5 

258  C'»«C3«C3 
■77T 
280 

~ZBT 
282 

Aii-i.o-o.b»a 
A22-A11 
A12-DDT(JI  
A21«-C3*DIN(J) »FRG 

259 
GO TO  351  
AU=COS   (C3) 
AZ2«An  
C5«DIN(J)«FRQ 

-zvr 
284 

286 

 fA.SIN   IC4> 
A12-C4/C5 
 A21—C4»C5 
351   C1»ANGE 

~ANGE»A11»ANGL4-A12»TÜE4A13  fc 
TQE«A21«C1     ■»■A22»TQE 

 7KT 
288 

290 

292 
~ZTT 
294 

Cl-ANGR  
ANGR«A11»ANGR+A12«TQR+A13R 

T7T 
296 

298 
.A21*a—+7T5im5ir 

C  RESET   EXCITATION   TO   ZERO 
 A13R-0.0  

A13E»0.Ü 

1030  WRITEINWfl081JfTflHl(J).THtllJ),TLHlU).TLEUJ) tTKHl ( J) .TKF.l ( Jl 
403  CONTINUE 
 H1,M1+1  

00 TO 502 
IF(MDlAGt 
IF(NPLG) 412 

412.413,413 
41<».414,^15 

300 
5Ö3 
401 

CONTINUE 
IF(MOIAG) 410*411,411 

301 
302 

41Ö 
1C90 

IF (NPL6) 109ö;TOW, 1091 
WRITE(NW,18l) 

303 
304 

1091 
411 

WRITE(NW.126i 
DO 403 J«1»NS 

305 
306 

TRR1(J)»TRR«J) 
THR1(J)-THR(J) 

30 f 
308 

TLRl(J)-TLR(Jt 
TRE1(J)=TRE(J) 

309 
310 

THE1(J)«THE(J) 
TLE1(J)«TLE(J) 

3il 
312 

'CHÄMSi ! FOR DIAGNOSTIC 313 
314 
irr 
31«' 

"-JTT 
318 

"1X9" 
320 

414 WftITE(N'W.182) 
415 WRlTE(NW.i:6) 
413 BÖ  404  J«1.NS 

TLR2(J)=TLR(J) 
THE2(Ji=THEUI 
TLE2(J)=TLE(J) 
TRR2(J)»TRR(J) 
TRE2(J)=TREtJ) 
THR2(J)«THR(J) 
IF (MD1AG) 1040>404»404           

TÖ40 wRlTe(NW,10ä)J.THR2(J).rHE2(J)',TLR2( Jt.TLE2(J> .TRR2 (J).TRE2( Jl 
404 CONTINUE 
 cl = T5R2iNii  

T2T 
322 
"77T 
324 
32T 
326 
TZT 
328 
-577 
330 
"iTT 
332 
"TJT 

259 



• ■   , . 

-     !■ 

^fTITBlWjf »W fwmm 

ÜT-TREJfNSr " 
C?«TRR1(NSI 

-C4«THtHNST"  
C5«C3»C3*C4tC4 

335 

TFT 

— —Tnw5^rT»CT»r?»r4)/r5 — 
01E"<Cl»C4-C2«C3)/Cf> 

 —wRrrrrmMZTjTFFo     —    -    — 
1F(M01A0I   1050»1051.IC50 

'TtTTÜWRTTnwr.TBtT 
WRITE.(NW«126I 

c~ irrrrTJIxzr "mir ri RST STWGI F " Rrcurr TON "Sfwr 
1051   L"l 

C "CXtCOLATE UmAL TOOTH" FORCF     
C   SI   RE   TANJ. ,1   TOOTH   FORCE»   REAL   AND   IMAGINARY   PARTS   IN   TTFR   AND   TTF 
T MWJrVS ^TSPECTIVELV 

DO  «07   J-ltNS 
'T&Tminmv&yHHi<J» -QII»THFITJF—        

C2"THR1(J)»01E*THE2(J>+Q1R»THE1'J| 
■ "   CTiTwnji'oiR+TLRSur-ai^TLnrjr'-      

C4»TLRlU)»QlE»TLE2(J)-*-TLElU)»QlR   
 TT? ■TRRI(J)»C31R-01E»TRrrrJT*THR2{J1 

C6 •TRR1(JI»01E*01R»TRE1(J)>TRE2(JI 
"    TRTSTfLSTUJ     '   

IF(J-NGS)   105<».1100tl054     
TTÜO' TTFR(LT~»CT7l<^Tn        - 

TTFEtL)   «C6/RP(LI 
 C-iOT      

1054   IFIMOIAG)   1055.407,1055 
_1055 WRITEt3»10B);jlCr7r2TCTirV,r5TrF  

407 CONTINUE   
Ih INMLTn"T7ÖTT1201»119T  

1199 IF (MDIAGI 1057,1201i1057 

—rwr 
337 

339 
 7*0- 

341 
—VtT 

343 
—TV* 

345 
 3^«" 

347 
34H 
349 

"SW 
351 

-557" 
353 
354 
355 

357 
T5B- 

359 

1057 WHITk (NW,I2U) FTQ  
DO 1200 J -1,NPLG 

C8 ■{ RSJJ) ♦,■• »RW(J> )«PN(J) 
Ult»TBt«l,J) 

C2 
XT 
C4 
Z5 

»TBR(l»J)*QlE+TBE(2»J)+01R»TbEtl,J) 

—TCD- 

361 

363 
364 
365 

—3FF" 
367 
JEB" 
369 

371 
■ C/*(TH>PKll,J>»UIH-HhSPK(2.J>-UlE*IH5Hbll,J) ) 
•C7«tTFSPR(l»J)»QlE+TFSPE(2»JI+QlR*TFSPE(l,J)) 

.^   ■TTPCR(l,JI»aiR+TTPCK(2,JI-01k»TTPCtll.JI  
C6   ■TTPCRll,J)»QlE-t-TTPCE(2»J)-*-QlR*TTPCE(l,J)  

377" 
373 

"TTir 
375 

-win 
WRI 
LI   «IPR 

TE(NW,700) 
TE   (NW,701)   LEC(JI.C1»C2,C3»C4,C5.C6 

C2 
XT 
C4 

XT 

H,Jl*QlR*TpRig,j|^QiE»TPEntJI  
■TPR<1,JI*01E*TPE(2»J)+Q1R«TPE(1,JI 
TC8*1 !FPRRll.J)»UlR*TFPRRI^,Jl*QlE^TFPREIi»JII 
■C8*(TFPRR(1,J)«QIE*TFPRE(2»JI+Q1R«TFPRE(1»J)) 
■ TH?HH(l,JI*UlH-HTüRW(Z,J)-aiE*niiHEIl,J) 

C6   ■TTGRP(1,JI»Q1E+TT6RE(2,J)+01R*TTGRE(1»J) 
 WRT 
1200  WRI 
mn wRi 

DO 

TklNW,;UZI 
TE   (NW,701) LEC(JI.C1»C2»C3»C4,C5,C6 
TE   INW,130I  
1070  J>1,NSRG 

1070  WRITE 
IF( 

LALLULAIt 

TE   IWW.luai   LSIJI»TTFRIJ),TTPeiJ) 
NPLG)   501,501,1079 

-TTB" 
377 

~m- 
379 

-3«Tr 
381 

383 

335 

387 
" 388 

389 
fANGENIIAL 

1079  WRITE(NW,123) 
nvu 

lOUin FORCE FUR CALH PLAMEIART GEAR SCI 

TE1 
-TT7 

J^l.NPLli 
■TFSPRtl,J) 
"TTSmXTJl— 

390 
391 

--J97- 
393 
374 

260 

SI 



• 1 ■ .. 

I   -.1-' -*. 

MMNmnwR v .*;-.~.*."i*W90mm:t'i*¥!'!l9#?*' 

TE^»TFSPE(2tJ) 
TTALCULATt   REAL  PAKTTJVN". TOOTH  hOHCE   SUN-VLANkl  

C1»TE1»Q1R+TE2-TE3*01E 
TOOTH  FURCt   5UN-PLANtT CALCULATF  IMAGINAHY "PTT?rTÄW 

 C2-.TE1»01E-»TE»4TE3»Q1R 
CALCULATE TANOtNTIAL 

TEl=TFPRR(ltJ) 
TÜOTH~FOHCt  WLAMhT-KlNO 

TE3«TFPRE(1.J)   

CALCULATE REAL PART   

CALCULATE IMAGINARY PAR' 
 C4«TEl»ülE+TE4+TE3»aiR  
1080 WRITE(NW.)08)LEC( J) »Cl »C2».C3»C» 

—jür'cöfmmjr  
IF<INP)    506.2C0.b06 

 STTC" TAIL  EXIT— 
100   F0RMAT(72H1 
 1  T 
101 FORMAT(8I5) 
—rD?-FÖPffAT(5X, 

103 F0RMAT(82H0 TORSIONAL 
BRANCHES 

RESPONSE 
PNÖ556I  

OF THE SYSTEM WITH GEARS.EPICYCLtC 
 1GEARS AND 
104 FORMAT( I7.6X.I5.2X,6I10)   

-TD5"TÖR"l5rÄT rflx.6E:i2;T)  
106   FORMAT(1H0.1X .8HS1ftTIONS»1/.UHBRG+EXT.CON, r2X»8HBRANCHES»IX. 
 T$HN"ö.öFTWOiwübiw'wrrrfirms* SEARS,SX.SHPL GEARS/  

2   I7.6X,I5.2X.5I10I 
TOT FÜRMATt /5X71CHRDTOR DTTrATAT, 3K5TÄ7TX. 12HM.MÖM, I NERT.VTyi  

16hLENÜTH.4X, lÜHSTIFFN.üU.3X.t>riMASS   DI A »3X »9HI NNER   D1A.2X. 
 2TfHTONr;'rOMPI.7-SX7H><?77)?".«>m:Br.-IN»»2.7X.2HIN.10X.?HIN.10X.2HlN.— 

310X.2HIN.6X. VHRAj/IN-Lb) 
"IITB"" FORMAT ( lTiVKVbnr.T\ .... - 

1Ü9   FORMAT*/1H1 ,7x./»6riBFAR:NC   ANU   E>TF.RNAL   TQRSIQNAL   CONSTRAINT   DATA// 
rtxv3'ffS"TTr?xr^Krrirni5F5TV55' ."THüäVPTNG/OX.IOHLFT-IN/'RAD'.TX^ 
jnHLB-Ii-   SEC/RAO) 

"IT?"'F ■RFATr/-rmrr9XT24H?INGLT"RtÜDCTTON ülÄH  DATA1  
11?   (•'ORMATi/<»X.3hSrA,3x.^üHGtAF.   5f I    RADII    ilN. ).2X. 

" ■■' l  IVHCÖMBINED TATICt^rAL   r75MPVTS^rr?V/9)r-,10HHR5T  GEAR,2X  
i   .11HSEC0NU   ÖEAR,3X.'Hi IN/Ltil ) 
"TÖRHAT r/ifirrrSWOlETAR^TFTiyATAT   114 

117 FORMAT» IHU.lX.eHSTATlüNS.lX.WHBRG+EXT.CON.^X.SHBRANCHES.lX. 
;WTW 5TT5.2X,BHSP 

118   FORMAT (9H0BRANCHES/30H     »■•IR5T 
iJT"FORMAT (3ximrirnT   "~    ""■ 
120   FORMAT    t/1H1 .5X . UHH<EÜUfcNo 

'121   FÜRMÄT<"/1H1 I 
122   FORMAT (/   8X.<»0HC0MPUTtt   RtSPuNSE 

•GEAk5.2X.8HPL CJt-ARS.2X.5HMl)lAGI 
BRANCH     COMMON  STATION) 

.t i<».6.2X,3HCPSI 

AT   PLANETARY   f-EAR   SETS// 
"riÖX,43HTAN6ENTIAL  TÖÖTH 
2   4X,3HSTA.8X.10HSUN-PLANE 

"ir4X.iH/<Ö.TBx.«HREArn.TT9R 

FORCE  AT   EACH PLANET   (LBSW  
T.13X.11HRING-PLANET/ 
IHACINARY,5X,4HREAL.6X,9HIMAGINSSYT 

126   FORMAT</*X.3HSTA.   2X.10HANG.DISP-R ,2X   ,10HANG.DISP-I,2X.10HTORÜUE 
r-R1.2X.löHTÖR0UE -11.2X.1 

3S.6X. 28X.4HRAD..7X.6HIN-L 
127  FöHHATJMX.3HSTA,4X 6HNU. 

UX.SHNO.OX.THPLANETS.^X. 
TTJHWE 

OHTORQUE   -R2.2X.1CHTCRQUE  -I2/I2X.4HRAD.. 
6HlN-LBS.6X.6HIN-LBS.6X.6HIN-LeSt 

ül-.HX,3HSUN./X,bHMLANbT/  
10HRADIUS(IN).2X.10HRADIUS( IN) I 
1GHTILB>.AX.J>1HPGLAR  MASS  MOMENTS  CT   INER -128  FöRMAT(/4X.3H5TA,2X 

1TIA   (LBS-IN»»2)/   4X.3HN0..<»X.6HPLANET.8X,3HSUN.7X.6HPLANET.7X, 
 24HRIMS,7X,7Me/RRlER;  

396 

398 
TW 
400 

-em- 
402 

"TOT 
404 

-5DT 
406 

"5ÜT 
406 

"TOT 
410 

TTTT 
412 

-irrt 
414 

416 

418 

420 

422 

424 
T2T 
426 

■TTTT 
428 

~V7T 
430 

TTTT 
432 

434 
-VTT 
436 

TJT 
438 

-5TT 
440 

442 

444 
T5T 
446 

448 

450 
■^yr 
452 

454 
"TO- 
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129"TOR"MAfT74X.3HSTA.6Xt26HCOHPLIANCE-   L INEAR( I N./LB ) . 16X t 535" 
1   15HC0M-ANG(RAO/LB)/   4X.3HNO. .2Xi10HSUN-PLANET»2X.11HPLANET-RING. 457 

 2   lX,10HFüÄl<r.'-CAR.,lAX, 11HHI NG-GROUND) «»Tr 
130   FORMAT   (15»3E12.<n 12X»E12»»)   459 
131 FöRWÄT(i7fix.3Ei2.4tr?)mrr2iir) TOO- 

135   FORMAK/gX.lOHSHEAf?   MOD. t2X 111HWT.   DENSITY/9Xf   9riL35/IN«*2   t3X. 461 
1   9HLBS/IN»»3/8y,2E12.5T 

180   FORMAT   (/8Xt36HC0MPUTED  RESPONSE  AT   SIMPLE   GEAR   SET/ 
I/4X,3HSTA,2X.ZBHTANbbNTlAL   TOUTH  hOH(.b   (LBS I/1^Nt^HKbALtbX» 
?   9HIMAGINARYI 

463 

465 

467 
TBl~hUHMATI12H0l)iAONÜ5TlCS/5X.53HHKST 

1   1-NO  EXCITATION) 
PASS-   UNIT   AMPLlTUUh   AT   STATION 

*TB2  FORMAT(12HÖDIASNOSTICS/5X.57H5ECOND 
IN   1-  WITH  EXCITATION) 

PASS-  ZERO  AMPLITUDt   AT   5TATIÜ TTSH" 
469 

IB?   >-OHMAT(A2H0OUTPUT-  COMPUTED  RESPONSE  AT  ALL  STATIONS/  
110X.63H(TORQUE-1-   GOING   INTO   STATION.   TORQUE-2-  COMING   OUT   OF   STAT 

 2TONTJ "  
190   FORMAT(I5.6E12.4) 

191   FOHMAT(38H0STATION   NO.   INCORRECT OR  OUT  OF  ORDERI 
192   FORMAT(   37H0STATION   NO.   FOR   GEAR   ERROR   INCORRECT) 

-rnr 
471 
TTTT 
473 

475 
—1-94   FORMAT(1H0.14X,46HSINGLE   REDUCTION GEAR-  LINEAR  EXCITATION 

14X.3HSTA.2X.9HFREOUENCY.6X,4HREAL.6X.9HIMAGINARY) 
"   195   FORMAT(1H0.14X,39RPCÄWET5RY"^AR-  LINEAR  EXriTATION-Tnr.T/ 

14X.iHSTA.2X.9HFRE0üENCY»9X,   8HSUN   5EAR.17X.   9HRING   GEAR/ 
 ??4X .4HREAL .6X .9H mAGTTIARY.yr.TiHRrAL .6X ,9H1MAG I NARY )  

700   F0RMAT(/4X.3HSTA.1X.24HANG.   DISP.-PLANET   CENTER.IX. 
TORUUE   SUN-PLANET.2X.23RrDT 

TTNTTT- "575" 
477 

 1   22HTÜT 
701   FORMAT( 

TÜROUt   PLAN-CARKIEH)  
4X.3HN0..5X.4HREAL.6X.9HIMAGINARY.5X.4HREAL.6X.9HIMAGINARY 

 rTXT*HREAL.6X.9HIMÄGINARY   /IT.lX.^TTm  
702   FORMAT(/   4X.3HSTA.2X.22HANG.   DISP.-PLANET   B0DY.2X, 

1£  PLANET-RING.2X.22HTÜT,   TORUUE   GRND.-KING)' 
END 

TTTS" 
479 

TfBTT 
481 

483 
"5W 

485 

467 
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SubroutlM PLHST 

'   SÜBRÖUTIME'PÜNir 
COMMON 

TTFPRRT? 
COMMON   R..  ,t,;,.,., y^,,, .,, M„, v,,.^:, ,.,,.,.,,..-...-...>,. ,,..-■,      ,  

i.BKTSC).Lrayr.RSmmnji .P1P(5).PMS(2).PN(2).SS(2).5W(2).SH(2). 

2   ST(2)tLBRt^O) tLRS(20).CfOM(200)»AXY1»AXY2,BXY1.BXY2.YtR(2 

Ti3R(2i2).TaE(2f2).TPR(2.2)»TPE(2i2).TFSPR(2i2)tTFSPE(2.2)i 
2»2).TFPRF(2.2).TTP(;R(2.2).TTPCE(2.2).TTf-RH(2.2).TTGKL(2.2) 
RIP(20C)»DST(200)iDMS(200).DIN(200)»BCB(50).LB(50)iDDT(200) 

r py / s-vmfr'f-i .D>.I^> .D^BIII LBuemk .aui^t .eei^i .«urm .eai HI .— 

?00l 
%   TLFtfiTO).THR(200l,THE(200).TRR(200)tTHF(25Ö).TRR1 ( 2Ö(M 

COMMON   A(7.7)»B(7,2).LS(20).RP(20)iRG(20).SG(20)tTRft2(20O). 
1   TREK200) .THEl(2ööl.TLEl(2ÖO».TRE2(2ööl.TThK(^ö).TTI-b(2ö) . 

2   PSPt2).THRl(200)tTLP1(200).THR2(200).TLR2(200).THE2(200)» 
- T   -n  L ^ i in ^ i - ui   i ■>r^M !—nr u i i i ' uuu i i i  ? T1.E2(200» .KL(2CJ'J),P(.P(2) TPKFTTT 

COMMON   IT.   K4.LA.MDIAG.FRQ2.ANGR.ANGE.TQR.TOE   «J.NS   .Ml,NW.NR»NPLG 
TTP—p ww—m   Kiirvinu—^ I * f  rrn UP SUBROUTINE FOR 

Cl=RSU4)+Rw(K4) 
 {'2, = Cr-fRW71f*l  

FLNL=PN(K4) 

PLANETARY   CASE 

A(T,DWRW(K4) 
A(1 .2)=0. 
A(l 
A(] 
A(l 
jMl 
A(l 
A(2 
A(2 
A(2 

"5TZ 
A(2 
A(2 
A(2 

TT7 
A(3 

TTT 
A(3 

~ÄT7 
A(3 
A(3 
A(4 

A(4 
A(4 
A(4 
A(4 
A(4 
A(5 
A(5 
A(5 
A(5 
A(5 

3) = FRQa^PIPK'f) 

5) = 
6) = 
7) = 
1 ) = 
2) = 
3) = 

0. 
1.0 

4)=-FRQ2*PMS(kil»Cl 
5)=0.  

7)=C. 

2) = Cl 
"37 
<») = 

rr;— 
o« 

!-FRa2»PCP(K4) 
= C2 
nn  

4) = 
5) = 0. 
6)=FRa2»PRP(K<»)>ST(K4)-1.0 
7)=0. 
!)■ 
2P 
3)' 
4)» 
b)*Q, 

0 
SW(K 
0. 
Cl 

4) 
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"xrr. siTTT.  
A(5i7)»-(FLNL)»C1 
A(6.1)«0. 
A<6»2J«0. 

A(6i4)»-Cl 

A(6.6)»0. 
"A(6t7)=0.  

-— A(7,1I«SR(K*I 
"■A(T,T)*Ö.-  ■ 
A(7i3)«   RW(K4) 

_  

A(7,4)   .-Cl 
A(7»5)=0. 

~A(7,6l-FLNL»(:2»5T(|i:4)  
_A(7^7I»0JJ  

F SR»(TL R I J ) -C3»THR( J) )/RS(IC4) 
"Fn^TTUFTJT-TT»THE(JI )/RS(K4) 
Bd.l !=RW(<4)»FSR 

" BTTiJJ-RWJKil'rSl  
B(2tll»-FSR 

"Bl2t"21T=FST   
e(3«l)>0* 

"BO'.^T^.-  
B(4,l)>0. 
B(<>.2)>U. 
B(5,ll=0. 

TTTSiZira.- 
IF(M1 440 t 

EE1-0, 
 EIZ*T3.  

EE3-0. 
~      TFWT.  

00  TO 442 

EE."   »AXY^^FLNL 
 EO 

"5 A 2 

■ÖXY1»HNL  
EE4   «BXY2»FLNL 
BT6.1 r^"-RStK4)»FLNL»THR( J'Tm^5S(K4I»KSH 
B(6»2)«-RS(<4)»FLNL*THE( J)+EE2-SS(tC4)*FSI 
B«T,1J   .EE3  
8(7,2,   •EE4 
CALL   MATIN 'I A . 7 »a .2 tCF? I  
TQR«B(*»1I 
EER»B(6.-n  
ANGR«B(7«1) 

TOE^rryTZT" 
EEI«B(6.2» 

 APHJE*BI TTTi 
SAVE   ALL   VARIABLE 

IKPRRIWI.R4)«BH. t l/FLNL 
TFPRE(M1.IC4)«B( 1.2)/FLNL 

SOLUTIONS, FIRST AND SECOND PASS 

C TTPRR» TAWOENTIAL TOOTH FORrE RINC^PLANCT 
C TTRER» TANGENTIAL TOOTH FORCE RING-PLANET 
 rTPCRIWl,K4l"Cl»BI2,l' 

TTPCE(Ml,K4)«Cl»Bt2,?' 

C   TTPCE«   TOTAL   TORQUE, 
CARRIERr 

PLANET-CARRIER, 
/l-LNL  

-RtKZ  
IMAGINARY 
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TPFrMTTMTFB( 3#2)   /FLNL 
TPR=   THETA-P-     ANGULAR   DISPLACEMtNT.   PLANET-BOOY   -   REAL 

r-TPE«    THETA-P- ANGULAR 
TBR(Ml.K<»)»B(*.l I 
TBEIKl.K4Ii=BU,2) - 

C   TBR«   THETA-B   -   ANGULAR 

»   MLAIMtl-BÜUT IWAülNART ÜlbPLACEMENI 
/FLNL      
/FLNL  
DISPLACEMENT. PLANET-CENTER. REAL 

TBE« THETA-B - ANGULAR 
TTGRR(M1.K4)»EFR 

mSMLACEMENT. PLANET-CENTER« IMAGINARY 

 1 IGHtlHl.lUlittl 
TTGRR« TOTAL TORQUE. GROUND-RING» REAL 
ITGKt- TUIAL lUKUUb. GKÜUNL)-K 1 Nli. 1HAG1NAHY 

TFSPR(M1,K<»)«FSR/FLNL 

TTSPR« TOTAL TORQUE SUN-PLANET. REAL 
C TTSPE= TOTAL TÜHÜUE 5UN-PLANET. 
CALCULATE TOTAL TORQUE SUN-PLANET 
 TT^Tl^^TTTTTT?  

C4»RS(K4)«FSI 

1MAG1NAMV  
-   PLNST   SUBROUTINE 

CALCULATE   TOTAL  TORQUE 
C5=C2*D(l.i) 
 ZT' 

PLANET-RING 

C   TEST 
■C2»BI1.2I 

DIAGNOSTIC 

C PRI 
C PRI 

600 
 STÜ 

"IF(MDIAS) 600.608.608 
NT DIAGNOSTIC 
NT HEADING FOR DIAGNOSTICS 
IF(K4-1) 621.62C.621 
WHITblWWW03)  

621 WR-ITE(NW.700)   
 WRITEINW.TOllH.TBRIMl.KAJ.TBEfMl.K^I.CS.Ci.TTPCHIHl.Ki). 

1   TTPCE<M1.K4) 
 WRITE(NW.702)  

WRITE(NW.701)L^.iPR(Ml.K4).TPE(Ml.K4).C5.C6.TTGRR(Ml,<4) . 

606 
1 TTGHb(Ml.lC41 

332 
'IHK4-NPLG) 
L<t«LEC(K4) 

112,332,m 

333 
RETURN 
L4-NS+2 
RETURN 

700 F0RMAT(/4X.3HSTA,1X.24HANG. DISP.-PLANET CENTER.IX. 

701 
1   22HTOT.   TORQUE  SUN-PLANET.2X.23HT0T  TOHOUt  PLAN-CARHIER )  

FORMATI   4X.3HN0..5X.4HREAL.6X.9HIMAGINARY.5X.4HREAL.6X.9H IMAGINARY 
15X.4HREAL.6/.9HIMAGINARY   /I 7.1X.6E12.5)  

FORMATI/   4X.3HSTA.2X.22HANG.   DISP.-PLANET   BODY.2X. 
1   SSHTÖT.  TöRflüE PLANET-RING.2X,22HTOT.  TORQUE 

702 

703 
TOWÜDF 

FORMAT(/19X. 
lAR   DlSfLA^PMENTS 

PLANET-RING,2X,22HTOT. 
66HALL   TORQUES   GIVEN 

TN 

GRND.-RINGJ  
IN   INCH-LB.   AND   ANGUL 

709 
RA&lANlS)  

FORMATI12X.4HREAL.6X.9H1MAGINARY.5X.4HREAL.6X.9HIMAGINARY.5X. 
UNREAL.ix.9MI MAG INARVi 

END 
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SttbroutiM MATIM 

"MATRIX   INVERSION  WITH  ACCOMPANYING   SOLUTION  OF   LINEAH  EÜUATIUN5 ANHO^Or 
F*O20002 

"SUBROUTINE MATINIA.NiBtWTOrmT) 
DIMENSION   IPIVO(7).A(7.7)»B(7.2)tINDEX(7t2)»PIVOT»71 
EQUIVALENCE   (IRÖW.JRÖW).   (ICöLu   .JCÖLu   ).   (AMAX,  T.   SWAP) 

INITIALIZATION 

F4020004 
"    F^OZOOOB 

F4O20009 

10   DETER   =1.0 
 15  DO  20   J-l.N 

20   IPIVO   (J)«0 
—30 ßö  550 TiTTfT 

-tLEWENT" 

H0Z0010 
F40200il 
FA020Ö12 
F4020013 
F4Ö20ÖU 
F4020015 
h^OZOOlfe 
F40i0017 

45 

60 

AHAX»O;O— 
DO   105   JM 

(IPTVÖ 
DO 

^N  
(J»-l) 60.  105.   60 

100   K>].N 

60   IF   (ABS   (AMAXI 
roTTöorT« 

-ABS   (A(J.K)I) 

Fif02D018 
F4020019 

F4020021 
FA0ZÖÖ22 

85.   100.   100 
«5   IROW-J  
90   ICOLU   »K 

—75" AKAX»ArT»Tr 
100  CONTINUE 
"TUT CONTINUE  

IF(AMAXI 110, 
fICOLU 

I-402002'» 
F^020025 

'"F4020Ö76 
F»020u27 
FTJ0Z0Ö28 

110 IPIVÖ 
750 
1 

110 
IPIVO TiCOLU 1+1 

""TLEMENT ON DIAGONAL 

130 IF (IROW-ICOLU 
140 DETER »-DETER 

I 140. 260. 140 

F4020030 
F4Ö20Ö3I 
F4020032 
^4026031 
F4020034 

160 
UU 2üU L'l.N  
$WAP>A(IROW.LI 

170 
200 

TUT 
210 

A( IR0W,L1»A(ICOLU 
AdCOLU   .Ll-SWAP 

• Ll 

TF(MI   260. 
00   250   L«li M 

THT 

22U   SWAHiB(IRÜW.LJ  
230   B(IROW.Ll=b(ICOLU .1.1 

F4U2UU35 
F4020036 
F4Ö2ÖÖ37 
F402003e 

F4020040 
F4U2UU41 
F4020042 

■750■ 
260 

"TTU 

BMCOLU   .LUSWAP 
INDEX(I.ll=IROW 
INl)bX( I.2)>ilCOLU  
PIVOT( I liAdCOLU   »ICOLU 

J2U  UEIbH   lUblbR   »PIVUKII— 
310 

C 
T 

TW 

DlVIUb   PIVUT   KUW  bY 

AdCOLU   .ICOLU   )»1.0 

rNT" 

F4020044 
F4020045 
F4020046 
F4U2ÖÖ47 
F4020040 

F4020050 
F4Ö20Ö5I 
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340 DO 350 L = \ .N 
350 AIICOLU .D^AUCOLU iL)/PIV0T(I) 
155 ITrNn 380." 3ffC. 360"  "■' ""'  
360 DO 370 L = l tf* 
iTD" BirrcLU vi )=BircoLu iLT/PivoTni 

c 
T" ■  -RTDUCE ^ON-PIvar ROW?" " 
c 

F4020052 
F4020053 
H»U20ü9«r 
F4020055 
F402DD5-r 
F4020O57 
F402005F 
F4020059 

380 WO  ^TO L1=1.N 
390 IFlLl-ICOLU ) 400f 550, 400 

H02CJÖ60 
F4020061 

400 T*A(L1.IC0LU 1 
420 AILl»ICOl.U )=0.0 

F40200b/ 
F4020063 

ir(T)A3ö.55ö,430 
430 DO 450 L=ltN F4020064 
45Ö A(LlfL)=A(Ll.L)-A(ICOLU tL)»T 
455 IF(M) 550. 550. 460 

I-402Ö065 
F4020066 

460 DÜ 500" L = i.M 
500 BfLl.D'^ILl .L)-B( ICOLU .L)«T 

F4Ö2ÖÖ67 
F4020068 

550 CONTINUE 
C 

F402006g 
F4020070 

C     INTERCHANGE COLUMNS 
C 

F4Ö2ÖÖ71 
F4020072 

600 00 710 1=1.N 
610 L=N+1-I 

FA02ÖÖ73 
F402007'. 

62Ö IF (INC)EX(i..i)-INDmL.2) > 630. 710. 63Ö 
630 JROW=INDEX(L.l) 

F4Ö2ÖÖ75 
F4020076 

640 JCÖLU =lKlDEx(L.2) 
650 DO 705 Ml.N F4020078 
660 SWAP=A(<.JR0W> 
670 A(K.JROW)=A(<.JCOLL ) 

F4Ö2ÖÖ79 
F4020080 

700 A(K,JCOLU l=SWAP 
705 CONTINUE 

F4fl2ööBl 
F4020082 

710 CONTINUE 
740 RETURN 

FAÖ2ÖÖÖ3 
F4020084 

75o wftiTE(1.76ö) 
760 F0RMAT('MATRIX SINGULAR') 

STOP 
END 

r 
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System Description of Sample Case 

The torslonal vibration system used in the sample case was taken from the 
UH-ID drive system.    A schematic diagram of this system is given in Figure 
76.    Identification of the individual stations is given in the listing 
below.    Data for these stations were scaled from a full-sire assembly 
drawing or were taken from other information provided by the manufacturer. 

Stations 1-4 

Stations 5-8 

Main system. 
These stations constitute the drive side of the spiral 
bevel pinion.    The reflected inertia of the turbine 
and its gear drive has been Included as a concentrated 
inertia at  station 1.    This simplification Introduces 
no significant error for frequencies in the acoustic 
range.    However,   for lower frequencies,  a more detailed 
system will be required. 

First branch. 
These stations constitute the supported or the apex 
side of the spiral bevel pinion. 

Station    9 

Stations 10 

Station    15 

Stations 16 

Station    18 

Conanon station of first branch with main system; 
also, first member of simple gear set.    This station 
is located at the bevel pinion center. 

14 Second branch. 
These stations constitute the portion of the quill 
assembly below the main bevel gear. 

Common station of second branch with main system; 
also, second member of simple gear set.    This station 
is located at the bevel gear center. 

17 Main system. 
These stations constitute the portion of the quill 
assembly above the main bevel gear to the spline 
connecting the lower sun gear. 

Lower planetary stage. 
This station is located at the spline connection to 
the sun gear. 

Station 19    Main system. 
This station starts at the spline end of the planet 
carrier. 

Station 20 Upper planetary stage. 
This station is located at the spline connection to 
the sun gear. 
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Stations 21  - 24 Third branch. 
These stations constitute the lower portion of the 
mast assembly. 

Station    25 Common station of third branch with main system.    This 
station Is located at the spline connection of the 
mast to the upper planet carrier. 

Stations 26 - 39 Main system. 
These stations constitute the upper portion of the 
mast assembly. The rotor inertia has been applied 
at station 27. 

Station 40 Terminal station of main system. 
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Tmmt  Ll.tln.  af  S-al« CMmm  
1   TEST   EXAMPLE   NO.   2 1-18- 
 Jtü 0 3 J L     -J 

66 

. 1160000E08 .286 
1 .482 700ÜEÜ4 .18000QO£01 .29 EOl .376 EOl .256 EOl 
2 .47 

_  3 .22- 
4 .0 
5 .0 

E02 .167 
EO? .15 

.1005 

.44 

E01 
-^Ql 
E01 

E01 

.315 

.115 . 

.36 
..201 
.201 
.236 

EOl .315 
£QL .115 _ 
EOl .360 
EOl .201 
EOl .201 
EOl .236 

EOl .2 
EOl t.l 
EOl .2 
EOl .1 

EOl 
EOl 
EOl 
EOl 

—.  

6 .86 
7 .0 

E02 .65 
.1 

EOl .1 
EOl .167 

EOl 
EOl 

8 0. 
9 .182 

.325 
E02 .0 

.360 
jtü    

EOl .36 
.0 

EOl .2 
.0 

EOl 

10 .0 
11 «0   . 

.744 
t691 . 

E02 .45 
• 5396 
.155 

. _£03 .2132 
E03 .1454 
.- «M  

.0 
.. _ ^128 . 

.0 
...  «i-. 
E02 .54 

.-.IfiM 
.145 

^£02 .115 
.156 

 .5- 
E02 .5 
 JL2  

.149 
 _tl8i.9 _ 

.242 
_ tl374 

.251 

  tllii 
.127 

EC8 .127 

..lai 

t.01 
E01 

-Eül 

£fll 

CD2 
E01 

..EOl.. 
E01 

EOl 
E02 

.47 
15154. 
.5154 
.434 

EOl .47 
EOl .5154 

EOl .395 
EOl .395 

EOl 
EOl 

i2   .4 
U .0 

EOl .5154 
EOl .434 

EOl .395 
EOl .395 

EOl 
EOl 

14 .0 
15. Mllik..   . 
16 .134 

-L7. ..fl  
18 0.0 
19 «0 

.472 

.472 

.472 
MMZS.   . 
.0 

.0 
»55 . 
.35 
.3375. 
.454 
.454 

EOl .472 
EQ1..A472 

EOl .472 
E.QL-.429 ... 

.0 
.. EOl .696 

.0 
EOl. .135  . 
EOl .35 
Eül_all75 
EOl .454 
EOl .454 

EOl .395 
EOl .195 
EOl .395 

..£01. .395 
.0 

EOl .6 

EOl 
£01-... 
EOl 

. £01 ... 

EOl 

  

20 0.0 
21 *Q 

.0 
£01..312 
EOl .312 

..£Ql.illi.. 
EOl .312 
EOl .312 

EOl.... _ 
EOl 

..EOl 
EOl 
EOl 

22 .95 
. _2a. »u. . 

24 .0 
25. *i.66- 

  

26 .0 
. . 27 j,ä .  _ 

26 .76 
29 tö 

.4; 2 

..43C . 

.438 
J416_ 
.404 
.3555 

EOl .422 
.. Eai^jAS^., 

EOl .438 
EOl .476 
EOl .404 
EOl .3555 

EOl .312 
.._£Ql-.f3l2- 

EOl .312 
_ £01.1112. 
EOl .312 
EOl .312 

EOl 
..EOl... 
EOl 

...EOl  
EOl 
EOl 

-  - - 

30 .0 
31 .0 
32 .0 
3? .0. . . 
3'» .0 

..35 iO . ., 
36 .0 
37 .1313 

EOl 
E52 
EOl 
tfii 
EOl 
EOl 

.38 

.38 

.3555. 

.38 

.38 

EOl .38 
EJ31 ±355.5 
EOl .36 
EOl .3555 
EOl .38 
EOl .38 

EOl .312 
£.01. .312.. 
EOl .312 
EOl .312 
EOl .312 
EOl .312 

EOl 
EOl  
EOl 
Eaj_-. 
f.Oi 
EOl 

   

38 .0 
3S_JU1  . 

.6275 
»437 ... 
.1 

. £01..512 
.336 

_m_iM7 . 
E-07 .28 
... .33fe . 
E01 .7 

E-0_7. .Jt.2 __ 

.35 
f35 

EOl .35 
_£Qi-4lS_ 

.0 
6E-07 iO 

EOl 
EOl .168 

EOl .312 
_ £0i .312 

.0 

E02 .15* 

EOl 
EOl _. 

E02 

40 .0 
9. ^i3X2_. 

\8 4.0 
- .1.8 f'i±L. 

EOl 
101 
EOl 

.. £02. 
£-07 

. EOl. 
E02 

E-07 

.0 

.16.015 

.182 
iM5_ 
.62 
JLU2_ . 
.645 
.3 

- -   

18  .85 E-06 
EOl 

.0 

20  .459 EOl .244 
E-06 

E02 .17 E02 

5 
.15 
21 

9 

9 
11.. 
25 

2800. .4632813E-3   .0 
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Output LlttlM of SMplt C*»*  
TEST   EXAMPLE   NO.   2 1-18-68 

TORSIONAL  RESPONSE  OF   THE  SYSTEM WITH GEARStEP ICYCL IC  GEARS  AND  BRANCHES     PN0336 

STATIONS  BRG+EX T.CON.      BRANCHES   NO,OF   FRO INP  SETS SR GEARS     PL   ( «EARS • 
! ! -*0 0            3   X  1 1 ._- Z.   . 

--■ ■ - 

SHEAR   MOD.     MT.   DENSITY 
i 

LBS/IN*« 
0.11600F 

2        LBS/IN*»3 
OS  0.?fl600E   00 

ROTOR  DATA _ ^     . . 

STA M.MOM.INtRI.       L£N6JH        iIlF£N.DlA NASS  DIA INNER D1A    CQNC.   COHPL. 
NO. LBS-IN**2                  IN                       IN IN IN RAD/IN-LB 
 L. O.»a?70F 04  0.18000F   01   0.79000F    01 Q.37600E -fli 0.256QQLJLL 

0.20000E   01 
Q.QQOOQE 
O.OOOOOE 

00  
00 2 O.^TOOOE 02   0.16700E  01   0.31300E   01 0.31500E 01 

_3_ .JL.22000E 03 0^15flü0£ 01 P.nSflOE  01 
00  0.10050E  01   0.36000E   01 

0.31500E 
0.36000E 

01 
01 

0.20000E  01 
0.20000E   01 

O.OOOOOE 
O.OOOOOE 

00 
00 4 O.OOOOOE 

 5L..JM)0000£ 00 .Q>»4000E Jlfl-Jl.-'liaOE  01 0.2010ÜE 01 O.lOOQOt  01 Q.QOOOQE 00 
6 0.86000E 02   0.65000E   00  0.2Ü100E   01 0.20100E 01 0.10000E   01 O.OOOOOE 00 

 L. O.OOOOOE 00  0.10000E  01   0.23600E   01 0.23600E -ILL 0.16700E   01 O.OOOOOE aa 
8 O.OOOOOE 00  0.32500E  00 0.36000E   01 0.36000E 01 0.20000E   01 O.OOOOOE 00 
9 0.18200E 02 O.OOOOOE 00 O.OOOOOE   00 O.OOOOOE 00 O.OOOOOE  00 O.OOOOOE 00 

10 O.OOOOOE 00   0.744006   00  0.47000E   01 0.47000E 01 0.39300E   01 O.OOOOOE 00 
 LL O.OOOOOE 00 0.69300E QO  0.5i5MJE   Cl 0.51540E 01 0.39500E  01 O.OOOOOE 00 

12 O.OOOOOE 02  0.45000E   00  0.51540E   01 0.51540E 01 0.39300E   01 O.OOOOOE 00 
13 O.OOOOOE 00  0.53960E  01   0.43400E   01 0.43400E   01 0.39500E  01 O.OOOOOE Qfl  
1* O.OOOOOE 00  C.15500E  00  0.47200E   01 0.47200E 01 0.39500E   01 O.OOOOOE 00 

_...._ 15- 0.27400E 03 0.23320E 01  flU.^7200£  01 J)*^7200E 01 0.395OQE   Ql O.OOOOOE 00 
16 0.13A00E 03  0.14540E  01   0.47200E   01 0.47200E 01 0.39500E   01 O.OOOOOE 00 
12_ O.OOOOOE 00  0.98000fc 00  0.42900E   01 0.42900E Oi 0.39500fc .01 O.OOOOOE 00 
18 O.OOOOOE 00  O.OOOOOE  00  O.OOOOOE   00 O.OOOOOE 00 O.OOOOOE   00 O.OOOOOE 00 
19 O.OOOOOF on n.i7H00F m  n.696onF  oi 0.6960QE 01 o.fenonor oi Q.QQOQOF 00  
20 O.OOOOOE 00   O.OOOOOE   00  O.OOOOOE   00 O.OOOOOE 00 O.OOOOOE   00 O.OOOOOE 00 

-       21 O.OOOOOE 00  0.10000E  01  0.3bÜOOE   01 0.35000E 01 O.3120C£  01 O.OOOOOE 00 
22 0.95000E 02   0,54000E   00  0.35000E   01 O.35000E 01 0.312C0E   01 O.OOOOOE 00 
23 O.OOOOOE 00  Ü.1648QE 02  Ü.33 750E   01 0.33750E 01 0.3120O£_Ql Q-QOOOOE oa 
2* O.OOOOOE 00  0.14500E  01  0.45400E   01 0.45400E 01 0.31200E   01 O.OOOOOE 00 
2S 0.38600F 07   O-llSOOF   01    0.4S400F    01 0.4S40rF JU_ 0-31 POOF   01 o.nnnooF QQ 
26 O.OOOOOE 00   0.1!>600£  01   0.42200E   01 0.42200E 01 0.31200E   01 O.OOOOOE 00 
27 O.OOOOOE 00  0.30000E 00   0.43BOOE   01 0.438C0E 01 0.31200£  01. O.OOOOOE 00 
28 0.76000E 02  0.50000E  00 0.43800E   01 0.43800E 01 0.3120OE   01 O.OOOOOE 00 
29 O.OOOOOE 10 0.2000QE 00  0.4 7600t   01 0.4 7600E 01 Q.312O0£ iU O^OQQQOE 00 
30 O.OOOOOE 00   0.14900E   01   0.40400E   01 0.40400E 01 0.31200E   01 O.OOOOOE 00 
31 O.OOOOOE 00   0.18P90E   0?   0.3b5!<0F    01 0.35550E .01. 0.31700F   01 Q.QOOOQE 00  
32 O.OOOOOE 00  0.24200E  0)   0.38000E   01 0.38000E 01 0.31200E   01 O.OOOOOE 00 
33 O.OOOOOE 00 0.137^0t 02 OJSSSOE   01 0.35550E 01 0.31200E 01 O.OOOOOE 00 
3* O.OOOOOE 00  0.25100E   01   0.38OOOE   01 0.38000E 01 0.31200E   01 O.OOOOOE 00 
31. O.OOOOOE 00 O-llSMJE 02  0.35S50E   01 .Q^iSJSOE 01 0.3l200t 01 O.OOOOOE 00 
36 O.OOOOOE 00   O.12700E  01   0.?8000E   01 0.38000E 01 0.31200E   01 O.OOOOOF 00 
37 0.13130E 08 0.12700E  01   0.38000E   01 0.3B000E JLL 0.3120QE  01 O.OOOOUL 

38 O.OOOOOE 00  0.62730E   00 0.35000E   01 0.35000E 01 0.31200E   01 O.OOOOOE üo 
39 O.OOOOOE oo O-^a700E m o.isoooE oi 0.35000F kU 0.31200E  01 O.OOOOOE 00 
^O O.OOOOOE 00   O.IOOCOE   01   O.OOOOOE   00 O.OOOOOE 00 O.OOOOOE   00 O.OOOOOE 00 
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SINGLE REDUCTION GEAR  DATA 

STA       GEAR   SET   RAOII   (IN.)     COMBINED  TANGENTIAL   COMPLIANCES 

• 
FIRST  GEAR     SECOND GEAR       (IN/IB> 

.5    0.237^ttt QI Q.SlZOflE 01 0.1601^E-Q7 

PLANETARY SET DATA 

STA NO.   OF SUN                   PLANFT 
NO. 

18 
PLANETS 

_CU.40000f_QJ 
RAOIUS(IN)     RAOIUS(IN) 
0P?3600E   01   0.19?OOE   01 

ST* UFICHTILB) OniAR   MASS   MOMENTS   OF INERTIA ILBS-1N**2) 
NO. 

1« 
PLANET 

(K5910DE   01 
SUN                 PLANET 

n.AflTaoF OP o.AA^anF ai 
RING 

O.lfcftOaF 
CARRIER 

07   n. IS400F   07 

STA r.nMPI lAMCF-   i IMFARMM./I HI CnM-AMr.(RAD/|.B) 
NO. 

1« 
SUN-PLANET 
0.a5QQ£-0_7 

PLANET-RING  PLAN.-CAR. 
O.78Q0F~i)7    a.4?«aF-a& 

RING-GROUND 
O.OOOOF  00 

ST1 MnT   OF SUM                     PI AMFT 
NO. 

pa 
PLANETS 

(UHÜOQQE o\ 
RAÜIUS(IN)      RADIUS! INI 
arfHiO0f ai  o.iAPnnF at 

STA «tIGHIUjU pniAB   MASS   MOMFNTS   OF INERTIA (1 HS-IN*«?I 
NO. 

.    ?0 
PLANET 

0.4MO0F 01 
SUN                 PLANET 

n.7ooooF a? o.Mwat oi 
RING 

n.?44flQF 
CARRIER 

0? Ü.17000E a? 

STA COMPLIANCE-   LINEARIIN./LBI 
NO.     SUN-PLANET     PLANET-RING  PLAN.-CAR. 

_JM! Q.62Q0E-07    0.22Q0E-Q7 0.3000E-Q6 

-IJ?N-*>";< RAD/LB) 
RING-GROUND 

.      O.QOOQE 00  

BMNCHfS 
FIRST  BRANCH 

JL  
COMMON  STATION 
 !  

10 
-2J_ 

15 

■SIMfilF HPQUCTIQM  SPAR- I INFAB FXCITATH»   LXJUl 
STA     FREQUENCY REAL IMAGINARY 
 S O.7R00OF  04  OjJÜ&ZM&dJ*   Q-OflOOpF   00 
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FREQUENCY   •    0.280000« 04    CPS 

COHPUTEO  RESPONSE  AT   SIMPLE   GEAR   SET 

STA      TANGENTIAL   TOOTH   FORCE   (LBS) 
 i>i:ÄI IMAGmURt ,  

9   -0.67609E   OS O.OOOOOE   OU 

COMPUTED  RESPONSE   AT   PLANETARY  GEAR   SETS 

TANGENTIAL   TOUTH  FORCE   AT   EACH   PLANET   (LBS) 
 J.Ii  SUN-EiJkHEl (LUifcPLANil         

NO. REAL IMAGINARY REAL IMAGINARY 
 lt_jrft*1716 IE QJUL.QMQfll_00-0 .37»U E JO» J^QMOPl J»? 

20     0.11739E   05 O.OOOOOE   00   0.82426E   04  O.OOOOOE   00 
U-1-  ENDJOB  

273 

•,   . „,.., ,   ,. ^ 



DESCRIPTION OF AUXILIARY COMPUTER PROGRAM 

Input Variables> Format, and Instructions 

Card 1 Title. Format (72H). This card precedes each set of Input 
data. 

a. Printing Instructions, column 1. 
For printer to skip a line, use 0. 
For printer to go to the next sheet, use 1. 

b. Title, columns 2 through 72. 

Card 2 Control numbers. Format (15X, 215) 

a. NF   Total number of excitation cases. 

Place the last digit of this number In column 20. 

b. INT  Identification as to whether this control card 
represents the last complete set of Input data being 
submitted. 
If more sets of Input data follow, use 0. 
If this Is the last set, use 1. 

Place this digit In column 23. 

Card 3 Planetary geometry. Format (17X, 2E 12.4) 
(Note: Card 7-A for the Mali Program may be used.) 

a. Blank Columns 1 through 5 are not read. 

b. Blank Columns 6 through 17 are not read. 

c. RS   Pitch radius of the main sun gear, lr. 

Use columas 18 through 29. 

d. RW   Pitch radius of the planet ge-ir, In. 

Use columns 30 through 41. 

Card 4 Planetary Inertias. Format (SX, £ 12.4, 12X, E 12,4) 
(Note: Card 7-B for the Main Program may be used.) 

a. Blank Columns 1 through 5 are not read. 

b. PMS  Weight of one planet gear, lb.  This Includes all 
components which rotate with the planet; everything 
between bearing surface and gear teeth. One-half the 
weight of any rolling elements In the bearing should 
be Included. 
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Use columns 6 through 17. 

c. Blank Columns 18 through 29 are not read. 

2 
d. PIP  Moment of Inertia of each planet gear, Ib-in . This 

includes all components used in computing the weight, 
PMS. 

Use columns 30 through 41. 

Card 5 Planetary compliances.  Format (5X, 2E12.A, 12X, E12.4) 
(Note: Card 7-C for the Main Program may be used with 
the addition of item e.) 

a. Blank Columns 1 through 5 are not read. 

b. SS   Combined linear compliance of each sun-planet gear 
mesh, tangential to its pitch circle; in.-lb. 
(See discussion under this item in card 7-C for the 
Main Program.) 

Use columns 6 through 17. 

c. SR   Combined linear compliance of each planet-ring gear 
mesh, tangential to Its pitch circle, in.-lb. 

Use columns 18 through 29. 

d. Blank Columns 30 through 41 are not read. 

e. SQ   Linear compliance of the local planet support In the 
planet carrier, tangential to the path of planet 
centers, in.-lb.  This compliance is the combination 
of the compliance of the planet bearing and the 
compliance of any portion of the carrier which will 
deflect with a load on its individual planet.  Exclud- 
ed are the compliances of any part of the carrier 
which rigidly ties one planet support to another. 
Hence, if the carrier construction is such that there 
is a compliance between a hub and a rim-type member 
which supports all the plarets collectively, this 
structural compliance may not be combined with the 
others. 

Use columns 42 through 53. 

Cards 6-1 to 6-NF Gear excitation data.  Format (5X, 5E 12.4) 
(Note: Cards 9 for the Main Program may be used.) 

a. Blank Columns 1 through 5 are not read. 

b. FRQ  Frequency of the excitation, cps. 

7.15 

\ 
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Use columns b  through 17. 

c. DSR  The real or cosine component of the linear excitation 
In the sun-planet gear mesh tangential to the pitch 
circles, in. 

Use columns 18 through 29. 

d. DSE  The Imaginary or sine component of the linear exci- 
tation described above, in. 

Use columns 30 through 41. 

e. DRR  The real or cosine component of the linear excitation 
in the planet-ring gear mesh tangential to the pitch 
circles, in. 

Use columns 42 through 53. 

f. ORE  The imaginary or sine component of the linear exci- 
tation described Just above, in. 

Use columns 54 through 65. 
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Output Variables and Explanations 

Input Data 

Same as In Input cards 1 to 6. 

Calculated Data 

Computed response forces for each planet - FSR, FSE, FRR, FRE, FCR, FCE 

where: FSR and FSE - Real and Imaginary components of 
tangential tooth force at the sun-planet 
mesh, lb. 

FRR and FRE - Real and Imaginary components of tangen- 
tial tooth force at the planet-ring mesh, 
lb. 

FCR and FCE - Real and Imaginary components of tangen- 
tial tooth force at the planet-currier 
bearing, lb. 

Computed response displacements for each planet - DPR, DPE, DBR, DBE 

where: DPR and DPE - Real and Imaginary components of angular 
displacement of planet about Its own 
center relative to ground, rad. 

DBR and DBE - Real and Imaginary components of dis- 
placement of planet center, expressed as 
angular displacement about the planetary 
drive center, rad. 

277 



Program Listing of Source Deck 

This program was written In FORTRAN II - Extended and may be compiled with 
FORTRAN IV. It was developed on the IBM 1800 computer. In the source deck 
listing which follows, the READ and WRITE statements are written with the 
variable NR tc specify the reading unit and with the variable NW to specify 
the writing unit. To recompile the program for the IBM 7090, Introduce the 
required unit numbers by making the necessary changes on the cards as noted 
in the listing. 

In addition to the controlling portion of this planetary stage response 
program, named CHECK, there is one subroutine. This is MATIN which performs 
the matrix inversion that solves the simultaneous equations of the control- 
ling program. 

Running time o; IBM 1800 was approximately 

2.5 minutes for a first case with one excitation 

.7 minute for each additional case with new planetary data 

.2 minute fcr each additional excitation. 
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CHICK - RaapoM« For CM In Planatary Gaar Staga. 

    'DTWENSim'ÄAT5.'5i .Ar5.5) ,B(5,2) .BBIS.JT '  ~ " 
C   PN336A      REVISED    12-67 I 
C  KEOUrRFS SUBROUTINE  HAHN -   TT TOTRmTTTT T- "B MATRiy "-" (5,2! 
C    INITIALIZE   READ   UNIT   AMD  PRINTER   UNIT   NOS.   FOR    IB^   1800 I 

"srR=2 
NW=3 

""ZOT READ(NI<ilDI) "    ' "      "  
RFAD(NR.102INF,INT 

C   ffriNUlCAIL5"TDT»U7ro;-"DF  FREdUEnCTE5' "~    " 
C    INT   =0,    INDICATES   THERE   ARE   MORE    INPUT   SETS 
C   TNT"="AR   INTFGFfv'OTHER   THAN   ZERO,   INDICATED   THERE  ARE  NO   MORE   INPUT  STT5 

READtNR.103 iRS,RW 
C   RS=   RADIUS  OF   SUN  GEAR(INCHES I """ '   ' 
C   RW»   RADIUS   OF   PLANET   GEAR! INCHES) 
  - READ (NR H IT rPTiSTFTP     
C   PMS=   WEIGHT   OF   ONE   PLANET   GEAR(LBS) 
C PT?i""POT;ÄRWSS MOMENT  OF TNEKTT» "OF ÖHF PLANET  GEAR 1 LBS-FN»»?) 

READ(NR,112)SS,SR,SQ 
C  SR=   LTNrAR"TüHPL TANTE  OF  PLANET-RI NGCm. ALBT 
C   SS=   LINEAR   COMPLIANCE   OF   SUN-PLANET (IN./LB) 
C TU^' L INfAK CUMPL'UNtt "OT'TOTAL "CAKKI tRIINt/Ln '  

WRITE(NW,101) 
WRTTETNW",HT9)NF,INT   
WRrTEtNW»10'»)RS»RW 
wRrrEnwrrmpws^iP       ~ " ' 
WRI TE(NW,ll^)SS,SR,SQ 

 -RCKS+HW  
RR=RC+RW 

C'RT»   RADIUS OF TARRIER rifftT 
C   RR=   RADIUS  OF   RING(IN.I 

PMS = PM577^F;i7&9 
PIP=PIP/386.069 

"" -   xm -Ttre-rs-rrr    
DO   2ü6   IC = 1 ,5 

rci affTtirräo. ■- —        
AA( 1 ,1 l=RW 
"AA nin ä-KW" ■ -     
A A ( 2 ,1 ) = 1 • 

 - TÄT7,2) = 1. ~- 
AA(2,3I=-1. 
ionT.3)=-5a   
AA(3,5)»RC 
ASTV.TTV5S  
AA(^,<t)=RW 
 AArA.SlsKC  

AA(5.2)=SR 
jrA"r5»Tn^R¥" 
AA(5.6)=RC 
130   21ii   Jxl.i 
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215 B8tJ»2)»0. 

222   READ(NRil15)FRO.DSRtDSEfDRR»DRE 
C   FKD-   hHEQVZNCV   FOR  tXCITATlON  
C   DSR»   LINEAR   EXCITATION     SUN  GEAR, REAL PARTdN.) 

DRR = 
TTNETnr 
LINEAR 

EXCITATION 
EXCITATION 

SUN GtAKf 
RING GEAR, 

IMAGINARY PAKT.TTTi 
REAL PARTtlN., 

IT'DRF- LINEAR EXCITATION RINtTCFnr; 1MACINARV PAHTdN.) 
WRITE(NW,116)rR0,DSf;,DSE,0RR,DRE 

irtonnemciH Tö CHANüE TO LINEAR CVCITATIöN  
BB(4,1)*DSR 
 BB(4.2)=DSE 1  

BB(5,1)=DRR 
 BFrrm >DRE  

C1«FR0»6.2831853 

DO  212   J»1.5 
DO  212   L«1,B  
A(J,L)-AA(J,L) 
A(I,»)«Ml^*hHL2  
A(2,5)»PMS«RC»FRE2 

212 

DO  213J»1,5  
DO 213   LM,2 
e(j,L)«BBrj.L)  
CALL   MATIN(A,5.B.;,CF9) 

TTT 

FSR-B(1,1) 
FRR»B(2,1) 
FCR-BO,!» 
OPR«BU,l) 
DUSfTTm 
FSE"BI1,2) 
FRe.BI?,21 
FCE«B13»2) 
oPE-eu.rr 
D6E»B(5.2) 
wRJTE(NW,117)FSH,FSE,FRR,FRE,hCR,l-Ct 
WRITE(NM,116)DPR,DPE,DBR,06E 
IF(NF-MF)   220.220,221  

221   MF-MF+l 
WRITE   (Nw.llö) 
GO   TO  222 

201 
HNTI   201 

CALL   EXIT 
203,201 

101   F0RMATr/2HI 
) 

102 FÖRMAT(15X,2I5)  
103 F0RMAT(17X,2ei2.4) 
iÖ4 FORMAT?7T5X,18HPLANETARV 

12 5X,3HSUN,7X,6HPLAN£T/ 
2 :OX,2E12,5) 

109   FORMAT(/10X,25HTOTAL 

SET DATA/»  
21X.10HRAOIUS( IN) ,2X , 10HRADIUS ( IN)/ 

NO. OF FREQUENCIES«,110/ 
1 lüx,25HINDICATOR 

110 F0RMAT(/1H1) 
TIT 

FOR INPUT 5ET5«,I1ÖI 

PüRMrr77)rrnT75TTTifTrrT75T 
112 FCRMAT(5X,2E12.4,12X,E12.4) 
113 FORMAT   //  9x,'ÖHUEI6HT(Lß),2X,4öHPÖLAR MASS MOMENT  OF   INERTIA   ILB5 

1-IN»»2)/   11X,6HPLANET,18X,6HPLANET/   8X,E12.5,12X,E12.5) 
F0RMAT(/13X,26HC0MPLIAN<:E- UTWwrmrTnrr?  

19X,10HSUN-PLANET,2X.11HPLANET-RING,12X,13HLOCAL PL-CAR./ 
28x,2E12.5,12x,E12.5l  

114 
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115 FORMAT! 5"X.5E1'2~.^) 
116 FORMAK/10X.9HFREOuENCYt2Xi23HLlNEAR EXCITATION (IN.)/ 

"      IJ^X.-BHJDN  GFAR,4X,",5HR"TOr"5nrR7 ffxTSFTTTTJ 
117 FORMAT«/8X.7HOUTPUT-.5X.35HTOTAI.   TANGENTIAL   TOOTH   FORCES   (IBS)// 
 1 UTT.l JKSTJN- T>LANrr ?",T2ST.! -JHRTNS-  PLANETS .9X ,16HCARH I EH-"VLANFTS/ 

212X.^HRFAL.6X.9HIMAGINARY.5X,4HREAL.6X.9HIMAGINARY.5X.'»HREAL. 
" "    36K.9HIMAGlNARY/aX,6E12.5)" 
118 FORMAT    (/13X.37MTÜTAL   ANGULAR   DISPLACEMENTS    (RADIANS)/ 
 I'lAX.UHPrANCTS- BODT.TÖX'TTTFIPrANLTS-   CtNTEK/  

212X.^HREAL.6X.9HIMAGINARY.5X,4HREAL.6X.9HIMAGINARY/ 
38X.4E12.6)' ' "' 

END 
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Subroutla«    MATIH 

c 
MÄTRTX' INVERSION"WnH TfCCÖHPÄNVING SOU TOUÄTIONS 

SUBTOUTmE MSTTN(Ä.fTtBTH.T3ETER)   
DIMENSION   IPIVOtS)tA( 5t5)»B(5i^) . INDEX(5t2)tPIV0T(5) 
EQUIVALFNCF TTROW.""JWOff7T~n7ün7 ,JfOLU   ) i   (AMAV.   T.   SWAP) 

C 
C 
c 
c 

c 
c 
c 

INITIALIZATION 

10   DETER   »1.0 
ITDO 20Jilir    
20.IPIVO   (JI'O 
30  DO  530   IM'.H 

SEATTCH TOR TTVOT  ELEMENT 

ÄNF5D201 
F^020002 

FÜ02000'» 
FAOZOffUB 
F'»020009 
F4O2001Ü 
F4020011 

45   DO   105   J«1.N 
'5ü^Tr-i iPivo Tjr-i) «TO"." TO?." so 

60   DO   100   K«1.N 
"TTTT  (IPrVO  rKl-TT ffö.lOÖ. T4Ö "     

80    IF    (ABS   (AMAX)-ABS   {A(J.K)))    85»    100.   100 
~"8T~IWUW=J ~      ~ 

90   ICOLU   *K 
95   ÄMATsrÄfjnC) 

100   CONTINUE 
TD5   CUNTTNOF 

IF(AMAXI   110.750,110 
TIO   IPIVU   I ICULU~T = IP!VO"rrCULU   J + l  

F4020013 
"TTOTOOIA 

F4020C15 
F502O016 
F4020017 

' F4020Ö1H 
F4020019 
r4ö2Oö20 
F4020021 

_r4O?00?2 

F4020024 
F4020025 
F4020025 
F4020027 
F402OO28 

r 
C 
c 

INTEKCHANCE ROWS   TO  PUT   PIVOT  FLEMENr ON  DIAGONAL 

1"70 TT T rROV-TXOLU 1 "r40 . ' Z^O .   140 
140   DETER   =-DETER 
150  DO   20D-T = nN ~  
160   SWAP»A( IROW.L) 
TTO"TrrrRowvLT=7rrTCOLU .TT  
200 A(ICOLU .LI"SWAP 
20? IFTMT ZSDT-THT.-ZIO  
ZU   DO 250 L = l» M 

230 B(IROW.L)»b(ICOLU .L) 
750 BHCOLU .L I »SWAP-  
260 INDEXd .l)«IROW 

_r7t)_TfiarTT i. 21 * i CDLU ~ 
310 PIVOT( I )=A(ICOLU .ICOLU I 
320 ÜETER »DETER »PIVOMD  

F4020030 
F402Ö031 
F4020032 
"F40ZOOT3 
F4020034 

F402003t 
F4020037 
F402O038 

■F4DZÜ0T9 
F4020040 
F40L-0041 
F4020042 

F4020044 

F4020046 

DIVTDr~"' TOT "ROW BY PIVOT   F.    MF 

, KOLU   1^1.0 

F4020U47 
F4020048 
F^i 02004^ 
F'4020060 
"r-.trzoon 
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»     • 

'3^0 DO" 350 L=T.N    "  '' "              "                         F4020052 
350 AIICOLU .L)=A(IC0LU .L)/PIV0T(II                                   F4020053 

" 355 IF (H) 3BUt 7gP."?5tl r4U2tlÜ?4 
360 DO 370 L=liM                                                      F4020055 

TTO" BTiroLU tti^BTiroLa" nv/PivüTc i) ■ nroTuUTe 
C F4020057 
Z~'" '" RFDUCt   NÖN-PIVOT "TOWS FA020053 
C F4020059 
—380   DO   550   11 = 1.N FAU2üöbö 

390 IF(L1-IC0LU    )    A00.   550.   400                                                                                                          F<»0200fcl 
- WO   T=AILl.ICOL'U"'l F4Ü20057 

420   A(L1.IC0LU   )=0.0   F4020063 
_ U ( TI43Q';T5U"TA"TD 

430 DO 45U L=l»N F4020064 
1 450 
455 

AIL1 .L)=A(L1.L)-A(!C0LU .LMT 
IF(M) 550. 550. 46C 

F40250b5 
F4020066 

4^0 
500 

(50 5Ö0 L"1»M ' 
B(LI.L)=B(L1.L)-B(ICOLU .L)*T 

F402ÖÖ67 
F4020068 

550 
C 

'JCNTiNUE F402006V 
F4020070 

C 
c 

INTEHtHANGt COLUMNS F4020ön 
F4020072 

610 
DO 710 1=1.N 
L=N+1-I 

F402ö0'3 
F-4020074 

6JÖ 
630 

IF (IHBEXa.l)-INBrX(l.3) 1 630. 71ö. 63Ö 
JROW=INDEX(L.l1 

F402nö75 
F4020076 

640 
650 

JCOLU =lNDtX(L.2) 
DO 705 K=1.N 

F402ÖÜ7^ 
F4Ü20078 

"560 
670 

SWAP=A(K.JROW) 
A(K.JROW)=A(K.JCOLU 1 

FA02ÖÖ?9 
F4020080 

"■ 7ÖÖ A(K.JCOLU !=SWAP F402ÖÖB. 
705   CONTINUE F4020082 
710  CONTINUE F4ö2ööffT 
740   RETURN FA020084 
7BÖ  WRITE(1.76Ö! "  
760 FORMAT('MATRIX SINGULAR«) 
 5TÜP  

END 
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' 
Input LlttlM of gmla SM8 

1 FORCES ON UPPER PLANET OPERATING ERRORS- SPIDER COMPLIANCE STUDY 

3.36 
- 6,.45- 
2.06 

1288.' 

1.82 

E-7 1.54 

"nr97r.'D- 

E-7 

+.000019    -.000018 
-.üooon -;oööoor 

6.0    £-8 
■-.0ÖÖÖ22  
+.000007 
+.000006 

+.ÖÖ0ÖÖ4 
+.000004 
-.000004 
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Output Li»tlM of 8—PU CW 

FORCES   ON  UPPER   PLANET   OPERATING   ERRORS-   SPHER   COMPLIANCE   STUOT 

TOTAL   NO.  OF  FREQUtNCIES- 
INDICATOR   FOR   INPUT   SETS» 

^LANETARX SET   DATA 
SUN PLANET 

MDIUSLLIÜU RADIUSHN-L 
0.33*00E   01   0.18200E   01 

WEIGHT(LB)  POLAR MASS MOMENT OF INERT!* (LBS-IN**2) 
 P L AN£ T ELANil  
0.64500E   01 0.45900E   01 

COMPLIANCE-   LINEARdN./LBi 
«;iim-Pi AMPT PI ANFT-RIMS  i nrAi   Pi-r.AR, 
0.20800E-06  0.15<f00E-06 0.60000E-07 

FREQUENCY     LINEAR   EXCITATION   (IN.) 

0.6^00E   03-0.1600^6-0*  0.49000E-04-0.22000E-(H   0,     >b'   )6-05 

OUTPUT- TOTAL   TANGENTIAL   TOOTH  FORCES   (LPS) 

CARRIER-   PLANETS 

-0.62832E   02  0.86916E   02-0.62554E   02   0.88105E   02-0.12747E   03   0il77946   03 

SUN-  PLANETS 
REAL IMAGINARY 

RING-   PLANETS 
.RiAL IMAGINARY 

TOTAL   ANGULAR   DISPLACEMENTS   (RADIANS) 
PLANETS-   BODY PLANETS-  CENTER 

REAL IMAGINARY REAL IMAGINARY 
0.2S922E-05 0.11123E-0*-0.14765E-05   0.20611E-0i 
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FREQUENCY     LINEAR   EXC.TATION   (IN.) 
 !>UN  GEAR RING GEAR 
0.12880E  04 0.19000E-04-n.l8000E-04  0.70000E-05   0.40000E-05 

OUTPUT- TOTAI.   TANGENTIAL   TOOTH   FORCES    (LBS) 

CARRIER-  PLANETS 
REAL IMAGINARY 

0.4U7<yE   02-0.cl483E   02   0.42647E   02-0.23978E   02   0.90038E   02-0.48656E   02 

SUN-   PLANETS 
-R£A1 IMAGINARY 

RING-   PLANETS 
_R£AL IMAGINARY 

TOTAL   ANGULAP   DISPLACEMENTS   (RADIANS) 
PLAN£IS.-_ÄÜ1W PJJLNETSr CENTER  

REAL IMAGINARY REAL IMAGINARY 
0.?7307F-0%~Q.Sfl3Q7F-06   0. 104?9E-05-0.5fc3SflF-0b 

» 
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FRFOUENCY     LINEAR   EXCITATION   (IN.) 
..      ... SUN  &£AB RING  SEAfL- 

0.l<>3?Ot   O4-0.:7000E-O<»-O.lO000E-0&   0.60000E-05-0.^OOOOE-O5 

nuTPU'- TOTAL   TANGENTIAL   TOOTH   FORCES    (LBS) 

SON-   PLANETS 
 -REAL    IMAGINARY 

«ING-   PLANETS 
_filAL IMAGINARY 

CARRIER-   PLANETS 
-IMAGINARY 

//   ♦   ENDJQB 

-O.lWa'.E   02-0.82036E   01-O.20M2E   02-0.725A4E   Ol-0.40710fc   02-0.18137E   02 

TOTAL   ANGULAR   DISPLACEMENTS    (RADIANS) 
PLANETS-   BODY                         PLANETS-  CENTER 

REAL                 IMAGINARY              REAL                 IMAGINARY 
-Q.636bQE-0^   Q.9BfeQ3E-Qb-O.A7l55E-Ofe-0.2 10ÜBE-Of»   
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APPENDIX VI 
PREDICTED NOISE LEVEL ANALYSIS 

INTRODUCTION 

The noise In the Immediate environment of an enclosed gear system has Its 
origin In the dynamic forces which are acting on the Internal components. 
The actual mechanism by which these forces lead to the noise Is very complex. 
It Includes the transmission of the forces through the rotating elements, 
through the bearings, and Into the casing which encloses the system.  In        ' 
the course of this transmission, the forces are subject to amplification or 
attenuation, according to the dynamic response of all the components forming 
the many simultaneous paths used. The casing Itself responds to the forces 
applied at different points by vibrating in many modes, each different in 
amplitude and phase relationship. The means of support of the casing 
undoubtedly contributes to the variety of Influences at work.  Sound waves 
radiated by each vibrating portion of the casing reinforce and Interfere 
with each other, according to their phase relationship and wave lengths, 
and the geometry of the casing.  Noise levels in the immediate environment 
of the gearbox are directly Influenced by all these variables.  The shear 
complexity of the many mechanical and acoustical effects prohibits any 
detailed analysis which will relate noise levels around an actual gearbox 
to the vibration forces developed inside the box. 

Any analysis useful for predicting noise levels will have to be, at least 
In part, based on empirical considerations. The analysis 'to be described 
is of this semi-empirical character.  The empirical element results from one 
underlying assumption whose validity is substantiated only by the effective- 
ness of the analysis in predicting results later obtained by measurement. 
In one such case, an analysis using the same assumption has been shown to 
give confirmed results when applied to a marine gear application (Reference 
5). The application of the analysis developed below ro the helicopter gear- 
box in this study has also developed reasonable correlation with measured 
results (see Figure 40). 

DESCRIPTION OF ANALYSIS AND CALCULATED RESULTS 

Each sinusoidal excital-jn introduced into a power transmission system will 
develop a response force at the point of application. The force will also 
be sinusoidal and of the same frequency as the excitation. This excitation 
and force together represent mechanical energy being taken from the drive 
power and Introduced into the system, also on a sinusoidal time basis (but      * 
double in frequency). When there is damping in the system, there is a net 
transfer of some energy to the points of damping where it is dissipated. 
The remainder of this energy is not dissipated but is simply returned to 
the drive, all within the time span of each of the sinusoidal cycles.  The 
basis of the analysis that follows is the assumption that some small but        ^ 
predictable fraction of each pulse of this circulating or cycled mechanical 
energy is radiated from the housing of the gearbox in the form of acoustic 
energy.  Furthermore, if the geometry of the radiating bousing surfaces and 
the acoustic chamber enclosing it is known, the levels of sound pressure 
developed by this acoustic power can also be determined. 
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Let the excitation be expressed as 

e  « e sinut 
o 

(."30) 

where  e peak value of excitation 
W 

u:      '     angular frequency    -    l^t 

t      ■    t ime. 

Then the response  fore« will be 

F F    sin(ü)t + 0) 
o 

(231) 

where  F    ■ peak value of  the  response force,  and  9 » phase relationship 

of force relative to excitation. 

The instantaneous work done or mechanical energy introduced by the exci- 
tation and force is 

£„    -    /Fde 
M 

Since the instantaneous excitation is &  function of time, 

de 

From Equation (230), 

3e 

äfdt 

dt we coswt dt o 

(232) 

(233) 

(234) 

*M 
ue F / cosut • sla(u)t + e)dt o o 

When Equations (231"» and (234) are substituted into Equation (232), 

E 

The integral is evaluated as follows: 

/cosut • sin(ü)t + 6)dt  ■ /cosut[sinwt • cos9 + cosot • sin 8]dt 

2 
- /[sinutcosut • cosö + cos ut • sin e]dt 

,rsln2u)t • cose  . (cos2u)t + l)sine, , 
- ;i    2     +      2— * 

.rsln(2ut + 6) + sine. 

(235) 

cos(2ut + 9)   t sin 
4u 2 

Equation (235) now becomes 
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e F e F 
Eu - -(-r-2-) cos(2üJt + 6) + (-T-2-) 2ut • sin 6 (236) 

The second Item on the right-hand side represents the energy transmitted to      ^ 
the dampers and dissipated there.  When there is no damping in the system, 
the phase relationship 6 will be 0° or 180°.  In either case, this 
dissipated energy term is zero. 

The first term represents the circulated or cycled mechanical energy, which,      1 
as noted above, proves to be sinusoidal with respect to time and with a 
frequency twice that of the excitation.  The peak value of this energy is 
expressed by the coefficient of the cosine term, in which the significance 
of the minus sign is related to phase relationship. 

e F 
EM  - -P- (237) 
Mo     4 

A fraction of this energy for each of its cycles is converted into acoustic 
iw.rgy. 

EA '    aEMo 

EA 

ae F o  o 
4 

(238) 

wiim E ■ acoustic energy released per cycle, and a - fractic •. >_: ntchan- 

l(,al energy converted into acoustic energy. 

To convert the acoustic energy term into acoustic power, the time duration 
of one energy cycle is introduced. 

T  - — - r- (239) E    fE    2f K      J 

where TF ■ period of the energy cycle, fE ■ frequency of the energy cycle, 
and f ■ frequency of the original excitation. 

The acoustic power is taken as th» rate of acoustic energy release as 
averageu over one energy cycle, and it may be written as 

E.    ae F  . 2f 
P  - -A ^2  
A    T        4 

ufe F 
PA =-f^ (240) 

This power   is  the  direct  resi.lt  of   Che  excitation and  response  force  at one 
point   In  the  system.    Where  then-   is  ,nore   than one excitation at   the  same 
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frequency, the acoustic power generated Is taken as the sum of the individ- 
ual contributors. 

P. - ^ Ze F (241) 
A    I o o 

This equation may  ^e adapted to conve.;lDnt  units. 

P.    -    .565 x 10~7 afle  F (242) A o o 

where  P  - acoustic power, w 

a  ■ fraction of energy conversion 

f  ■ frequency of excitation, cps 

e  »• peak of each sinusoidal excitation at the same frequency, 
y in. 

F  = peak of the response force at each of the excitations, lb 

To find the sound pressure level at the excitation frequency, the factor of 
housing geometry and the acoustic properties of the chamber enclosing the 
gearbox must be considered. Equation (242) will be adapted to a standard 
set of conditions, and a factor will be introduced to indicate the sound 
pressure attenuation or gain which results with departures from the 
standard.  This standard uses the basic case of a spherical houslnp 
vibrating in the radial modo and located in a free field or in a chamber 
which does not reflect noise. For these conditions and in an atmosphere of 
air at 680F and 29.5-in.Hg pressure, the relationship between sound pressure 
and sound power is (see Reference 3) 

2               PA 
PQ      -    *T (243) 

b 28.6 r 

where      P        -    sound pressure level under the standard conditions,  p  bar 

P        ■    sound power, w 

r   ■ distance from the center of the noise-generating surface, ft 

Under actual conditions, the sound pressure level will be 

P2 - ßps
2 (244) 

where  ß   = factor for the actual conditions of housing geometry and 
acoustic environment 
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When Equations  (243) and  (244)  are combined, 

28,6 r 
(245) 

To express the sound pressure level In db, the sound pressure must first be 
related to the referenc 

Equation (245) becomes 

related to the reference pressure P - .0002 v  bar. k        o 

2 
2 . 

2 

ß! 

28.6r2(.0002)2 

8.75 x 1011 P. 
(246) 

The sound pressure level In db Is 

10 log (247) 

When Equations  (242),  (246),  and  (247) are combined, 

4.94 x 104 aßfZe P 
L    -    10 logt = S-Oj (248) 

where   L - sound pressure level, db 

a ■ energy conversion factor 

ß ■ housing geometry and environment factor 

f ■ frequency of excitation, cps 

e ■ peak value of sinusoidal excitation, U in. 

F m response force at each excitation point, lb 

r *' railal distance to center of sound-radiating surface, ft 

Very little infürtnation is available about the factors a  and 6 for specific 
gearbox designs and environments.  While it is possible that each might vary 
with frequency, ar least two studies confirmed that their product remains 
fairly constant, at least over the frequency ranges studied.  The marine 
gearing study mentioned previously covered the range of from 50 to 2000 cps. 
The helicopter transmission study contained in i.his report investigated the 
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range of from 500 to 10,000 cps.    In the former study,  the gearbox had a 
housing of flat,   steel plates with welded ribs and wac operated  In a marine 
environment.     The value used  for the combined  factor, aß, was   .7  x lO--5 

adjusted to  the definition used in th«  Above analysis.    In the present study, 
the predicted noise  levels for the c   i;»—.ison with measured results were 
calculated using this same factor,   buc  they were further adjusted  for  the 
different housing material.    This adjustment was based on the difference In 
material density.     The same kinetic energy in  bodies of differing mass would 
give different amplitudes of motion,  as  the  following analysis  shows. 

For equal kinetic  energy, 

(KE1)1 

M V 11 

(KE)2 

M V 
"2  2 

(249) 

(250) 

The velocity-squared ratio becomes 

„ 2 

M„ (251) 

When similar geometry and constant scaling factors are assumed,   the mass  is 
proportional  to material density, 

(252) 

Since sound pressure produced by a vibrating surface is directly  proportion- 
al  to the surface velocity, 

(253) 

Pi     Vl 

From Equations (242) and (246) combined. 

(aß), 

(aß). 
:254) 

When Equations   (251)   through   (254)   are  combined. 

(aß), 

(aß), 
(255) 
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or (aß)2 - -i (aß) (256) 
Y2 

The previously-mentioned combined factor for steel is 

(aß),.  - .7 x 10'3 
stl 

The steel-to-magnesium density ratio is 

- ^- - 4 37 
.065    ^•■,/ 

Therefore, the factor selected for the largely magnesium housing of the 
UH-1D transmission housing was 

(aß)    -  .7 x 10"3 x 4.37 - 3.08 x 10"3 (257) 
mag 

The use of the foregoing analysis, specifically Equation (248) and the 
factor stated In Equation (257), is illustrated by the set of noise calcu- 
lations summarized in Table XXXV. The data for these calculations came 
from the calculated results for the UH-1D, under cruise flight conditions. 
The gear excitation values are those shown in Table VII.  All, except 
for the bevel gear, were directly calculated with the computer program 
described in Appendix IV.   The force values are those shown in Table VIII. 
These were calculated wich the computer programs described in Appendix V. 

After calculating the sound pressure level for each of several excitation 
frequencies, it ie often desirable to display the results as they would be 
analyzed in third-octave bands by typical instrumentation. Two difficulties 
arise.  First, the band-pass filter for each third octave will pass some 
part, but not all, of the signal from adjacent bands. With the aid of the 
filter characteristic, it is possible to find this reduction in db level for 
the particular frequency and, from this, to find the db level contributing 
to the third-octave band reading.  Second, when wore than one noise compon- 
ent is admitted into the particular band, either as full-level contributors 
whose frequency actually lies within the band or as reduced-level contri- 
butors from adjacent bands, the analyzer performs the combination in a 
special manner. Although the instrument simply records the sum of the 
individual power levels, when these are evaluated in units of db, the 
combination Is not one of simple addition.  Figures 77 and 78 have been 
provided to assist in coping with the two difficulties.  The former is a 
typical third-octave filter characteristic in a form which permits ready 
evaluation of filter attenuation in terms of db.  The second figure assists 
in finding the db cf the combination of two sound levels whei, each is given 
in db.   If more than two are to be combined, the result of one combination 
can be coFibined with the next sound level in the same manner. 
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Figure  77.     Third-Octave Filter Characteristic. 
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The conversion of the set of individual noise components into a third- 
octave band display is illustrated by the calculations summarized in Table 
XXXVI.  In this table, under each of the third-octave band midpoints, the 
successive calculation steps are shown.  First, the ratio Oi.  noise •^■ 
component excitation frequency to band midpoint frequency is found for 
each of tht. frequencies that are close to the band midpoint frequency. 
With this ratio the proper filter attenuation factor is taken from Figure 
/7.  This factor is subtracted from the corresponding individual noise 
level value to give the attenuated component noise level passed by the ^ 
filter.  For each band, all of these attenuated levels are combined to 
give the resultant noise level at the particular third octave band. 
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